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Abstract 
Additive Manufacturing (AM) technologies seek to minimise material waste in the manufacturing 
industry. Such technologies are able to be used with various plastics, metals and composites and can 
impact a multitude of industries. Users of titanium and its alloys can benefit from additive 
manufacturing due to the challenges present in the subtractive fabrication of titanium components. 
While AM is a solution to the issue of high material waste observed in titanium manufacturing, most 
AM technologies suffer from columnar, anisotropic microstructures that hinder their widespread use. 
A review of recent literature has highlighted the need for the development of an effective grain 
refining solution to additively manufactured titanium components. Solute addition was chosen as the 
method of grain refinement due to its success in cast titanium.  
Silicon and carbon additions were found to be effective in refining the microstructure of AM titanium 
components. The addition of up to 0.75wt% silicon to commercially pure titanium manufactured by 
wire and arc AM resulted in a significant reduction of the prior-β grain size. Additions of up to 
0.41wt% carbon were also made to Ti-6Al-4V components built using wire and arc AM. 
Microstructural analysis revealed that the prior-β grain size and α-lath length reduced by a factor of 
5-6. The addition of 0.1wt% carbon proved to be the most effective in increasing yield and tensile 
strengths, with an improvement of 9% over unalloyed Ti-6Al-4V. For higher levels of carbon, 
strength and ductility both decreased. The addition of 0.1% carbon also resulted in a 7% increase in 
maximum compressive strength when compared to unalloyed Ti-6Al-4V.  
The effectiveness of both solutes showed that grain refiners utilised for cast titanium can also be 
applied in AM processes. However, while both solutes refined microstructure to a degree, columnar 
grains remained. It was determined that potent nucleant particles must be added in conjunction with 
solutes to achieve a homogenous equiaxed microstructure in AM titanium components. This research 
has also shown that the interdependency theory and the growth restriction factor are both applicable 
to the wire and arc AM process. These theories can be utilised by future researchers to further 
investigate the grain refinement of AM titanium. The experimental methodologies developed during 
the course of this research can also aid future researchers. The findings from this research can be 
utilised in future research to develop commercially viable grain refiners for not only titanium, but 
other materials as well. The effectiveness of silicon and carbon can also be tested using other AM 
technologies to further understand the mechanisms of grain refinement during AM. 
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1.1. TITANIUM AND ITS USE 
Titanium is the fourth most abundant structural metal in the Earth’s crust. Its alloys have tensile 
strengths comparable to that of most steels and are only 60% as dense. Their high strength to weight 
ratios, corrosion resistance and ability to withstand high temperatures makes them prime candidates 
for use in a multitude of industries [1-3]. Alloys of titanium are extensively used in the aerospace 
industry due to these properties. The desirable properties of titanium alloys such as high ductility, 
strength and thermal resistance also make them very challenging to machine [1]. Tool wear occurs 
rapidly during the machining of titanium components due to the material’s strength and its low 
thermal conductivity means that machining causes heat to accumulate. At elevated temperatures, 
titanium retains its strength, increasing tool wear, but also increases in reactivity, allowing for foreign 
elements to contaminate the part being machined [4]. These properties make subtractive 
manufacturing of titanium inefficient in terms of time and material wasted.  
For the F-22 Raptor, an aircraft composed of approximately 39% titanium, the material bought is 10 
times more than the material used in the craft due to machining losses. The aerospace industry refers 
to the ratio of material bought and material used in the aircraft as the “Buy-to-Fly” (BTF) ratio [5]. 
These ratios indicate the level of waste that is routinely expected in the subtractive manufacturing of 
titanium. Although titanium has many properties that make it more desirable than steel, it is still 
limited in its use due to its high cost. Much of this cost is due to the challenging fabrication process. 
The high material wastage rates also increase the costs of titanium components. For this reason, only 
a select few industries can afford to use titanium and its alloys despite their superior performance. [2] 
1.2. ADDITIVE MANUFACTURING 
To allow for more widespread use of titanium, fabrication costs must be reduced. To do so, the 
fabrication process must be reassessed to improve production efficiency and significantly reduce 
material waste. Additive Manufacturing (AM) is an emerging field of engineering that seeks to assess 
these issues [6]. AM processes involve building components from powder or wire through selective 
melting or sintering in a layer-by-layer fashion [7]. This allows for components to be built to the 
desired net shape, minimising or eliminating material waste and machining costs. AM techniques are 
also highly flexible, allowing for the fabrication of parts that are impossible to create using 
conventional manufacturing techniques. Additive Manufacturing allows for highly intricate and 
complex parts to be designed without the drawback of increased machining times and material waste. 
The flexible nature of Additive Manufacturing also allows for the rapid prototyping of designs. 
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Most common Additive Manufacturing techniques for metals use either a laser or an electron beam 
as the energy source and raw material is present in the form of a large powder bed [8]. While these 
methods can offer precision and complexity, they are disadvantaged by their relatively slow 
manufacturing rates. The methods also restrict flexibility, as the entire powder bed must be replaced 
in order to use a different alloy for fabrication. Wire Arc Additive Manufacturing (WAAM) is an 
alternative method that enables faster production rates and allows for greater flexibility of alloy 
compositions at the cost of reduced intricacy in the manufactured components. Alloy composition 
can be changed by simply changing the feed wire and deposition rates up to 10 kg/hr can be achieved 
[9]. This makes the procedure desirable for the bulk production of large components. The method 
still retains the key advantages that are present with all AM techniques: reduced material waste and 
lower machining requirements. 
One key issue preventing the widespread use of Additive Manufactured products is the fact that the 
microstructures of AM components differ from that of conventionally fabricated products. This is 
due to the repeated remelting of layers at high temperatures within AM components as the energy 
source (laser, electron beam or arc welder) moves across the component. This rapid heating-cooling 
cycle, combined with highly directional heat exaction, results in anisotropic properties across 
components.  
1.3. MICROSTRUCTURE OF TITANIUM ALLOYS 
At room temperature pure titanium exists in its hexagonal close packed (HCP) alpha (α) allotrope and 
transforms into a body-centred cubic (BCC) beta (β) phase once heated to above 882oC [10]. These 
phases are illustrated in Figure 1. 
 
Figure 1: HCP α titanium (a) and BCC β titanium (b) [2] 
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Alloying elements can act as α or β stabilisers, allowing the phases to exist at higher or lower 
temperatures than ordinarily possible. These elements alter the temperature at which the phase 
transforms from α to β, also known as the beta transus temperature. 
 For Ti-6Al-4V, one of the most commonly used titanium alloys, aluminium acts as an α-stabiliser 
and vanadium acts as a β-stabiliser. This allows the alloy to have a mixed alpha-beta composition, 
improving mechanical properties. For example, alpha alloys have lower densities and higher 
corrosion resistance, creep strength and weldability while beta alloys are heat treatable and have 
higher strength [2]. Altering the α and β content within a titanium alloy allows for the refinement of 
the alloy’s microstructure and subsequently its mechanical properties.    
The binary phase diagram of Titanium and Vanadium displayed in Figure 2 shows the effect of a β-
stabilising element on the beta transus temperature.  
 
Figure 2: Binary phase diagram of Titanium and Vanadium [11] 
Figure 2 shows that an increase in vanadium content reduces the beta transus temperature of titanium, 
allowing a higher percentage of the alloy to exist in the beta phase at lower temperatures.  
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The allotropes of titanium have a significant impact on the grain refinement of additively 
manufactured titanium. The goal of refining the microstructure of AM components is to improve their 
mechanical properties and homogeneity. The α and β content within a titanium alloy is key to its 
properties and any grain refining method that requires changing the composition of the alloy must 
also consider the effects of the composition change on the beta transus temperature and the alloy’s 
properties.  
1.4. GRAIN REFINEMENT TECHNIQUES 
Grain refinement is an established metallurgical process and has been used in cast structures to obtain 
favourable microstructures and improve homogeneity. Grain size can influence such mechanical 
properties as yield strength, hardness and ductility [12, 13]. Grain refinement can be achieved in 
metals during solidification in a variety of ways, the most common of which are nucleant and solute 
addition. Nuclei are naturally present in liquid metals and are the starting points of grains. Introducing 
additional nucleant particles would facilitate grain refinement by increasing the total number of grains 
thereby reducing average grain size.  
Select solutes can aid in grain refinement by causing constitutional supercooling of the liquid metal. 
Columnar grain growth occurs parallel to the direction of heat transfer from a pre-existing solid 
region. This growth must be restricted to obtain homogeneity and to facilitate grain refinement. 
Supercooling of the melt pool reduces the growth rate of columnar grains at the solid-liquid interface. 
This allows for additional nucleation events to take place within the melt and increases grain density. 
By using nuclei and solutes in unison, grain refinement can be optimised through a large number of 
nucleation events.  
1.5. THESIS OUTLINE 
This thesis aims to address the gap in knowledge present regarding the grain refinement of wire arc 
additively manufactured titanium components. Additive manufacturing is a novel field of study with 
a far-reaching impact on multiple industries. The manufacturing, medical, aerospace and automotive 
industries are a few examples of the fields that will benefit from the refinement of AM technology. 
Titanium is of key interest in this field due to the challenges associated with its subtractive 
manufacturing. This work aims to find solutions to the problem of coarse and inhomogeneous 
microstructure frequently found in AM components.  
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This thesis contains a review of the relevant literature associated with the additive manufacturing 
field. Chapter 2 covers areas such as an overview of various additive manufacturing processes, the 
advantages and disadvantages of each method and the challenges associated with additive 
manufacturing as a whole. The review then provides an overview of the Hall-Petch relationship to 
indicate the importance of grain size. This is followed by a summary of solidification theory and an 
overview of grain refinement principles such as constitutional supercooling and the growth restriction 
factor. The Interdependency theory is then discussed to highlight the importance of nucleating 
particles as well as a growth restricting solute. Finally, an overview of the relevant developments in 
titanium additive manufacturing and grain refinement is provided to show the gaps present in existing 
research that can be addressed by this thesis. 
Chapter 3 discusses the methodology of the experiments conducted during candidature. The apparatus 
used is described with an overview of its operating parameters. The wire arc additive manufacturing 
process is discussed followed by a description of the method of solute addition. The analysis of grain 
size, cooling rates and mechanical properties is then described. 
Chapter 4 provides an overview of the papers published during candidature followed by a discussion 
of additional research conducted. The compression testing and thermal analysis of samples produced 
for paper 2 is described. The implications of the results are also discussed in this chapter. Chapter 5 
then contains the papers published during candidature. Chapter 6 provides conclusions to this thesis 
and highlights potential future research that has been identified. 
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2.1. ADDITIVE MANUFACTURING PROCESSES  
As discussed in Chapter 1.2, various methods of additive manufacturing exist, each with its own 
advantages and disadvantages. The numerous technologies available for the additive manufacturing 
of metals can be categorised in two ways: by their energy source and by their source of raw material. 
Energy for AM can be supplied using either: 
• An electron beam; 
• A laser; or 
• A plasma arc.  
Meanwhile, raw material can be present in the form of: 
• A power bed; 
• Power feed; or 
• Wire feed. 
2.1.1. Powder bed systems 
The most common powder bed technologies available are Electron Beam Melting (EBM) and 
Selective Laser Melting (SLM) [14]. In both these systems, the energy sources are used to ‘scan’ over 
a specific area of the powder bed to melt select power particles. After melting and re-solidification, a 
new layer of powder is added using a roller and the energy source is applied once more. By repeating 
this process, complex three-dimensional components can be built. Powder bed technologies offer 
high precision (within + 0.08 mm) and are able to create complex internal structures within their 
builds by using unmelted powder to support the build during deposition [15]. However, this means 
that builds cannot be fully enclosed to allow for the removal of unmelted powder. One issue facing 
powder bed technologies is the ability to recycle unused powder. Oxidation of unused powder can 
prevent its reuse and can increase material waste [16, 17]. This issue is avoided in EBM systems as 
deposition is conducted in a vacuum environment. SLM however is conducted in an inert gas 
environment (primarily nitrogen or argon) and can still expose components to trace amount of 
oxygen. Powder bed systems have also been restricted in the past by relatively small build sizes (< 
0.3m3) and slow build rates. Recent developments in this field have allowed build volumes up to 1.0 
m3, increasing the potential for the commercial use of powder bed technologies [17].  
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AM components must experience multiple heating/cooling cycles as they are built. This process can 
result in unique microstructures. Research by Murr (2018), has indicated that EBM and SLM methods 
can cause anisotropic, columnar microstructures in various alloys [17, 18]. Figure 3 shows the 
anisotropic microstructure of EBM fabricated Inconel 625 superalloy. 
 
Figure 3: “Directional columns of γ” (Ni3Nb) precipitates in EBM fabricated Inconel 625 superalloy. EBM scan spacing 
is designated ‘‘s’’ in the horizontal (x–y) plane section. The arrow at lower right indicates the build (z-axis) direction. 
The sample was over-etched to exaggerate the columnar architecture” [17, 19]. 
One other widely explored method of powder bed AM is Selective Laser Sintering (SLS). This 
method is similar to SLM and uses the same equipment but differs in that SLS partially melts the 
powder particles rather than fully melting them. Powder particles are melted just enough to cause 
them to adhere together. This results in higher porosity in SLS components and they generally 
demonstrate inferior mechanical properties when compared to their SLM counterparts [20, 21]. For 
this reason, SLS components generally require thermal treatment after building to eliminate porosity 
and improve homogeneity.  
2.1.2. Powder feed systems 
The most common powder fed AM technology available is Laser Engineered Net Shaping (LENS) 
(also known as Direct Metal Deposition (DMD)). In this method, a laser is used to create a melt pool 
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on a substrate while powder is fed through a nozzle directly into the melt pool. This method does not 
require a powder bed and is therefore able to create larger components than SLS or EBM systems. 
The Optomec LENS 850-R unit can build components greater than 1.2 m3 in size [14]. The key 
advantage of this system over powder bed systems is that it can be used to conduct repairs on pre-
built parts. Due to the ability of the system to move both the energy source and powder nozzle in all 
three axes, it can be used to repair or refurbish damaged components [14, 21, 22]. The method is also 
more cost effective than powder bed systems and can achieve deposition rates of up to 0.5 kg/hr [21, 
23]. LENS however, is unable to create complex internal structures like powder bed systems without 
creating support structures. The surface quality of LENS components is also poorer than that of SLM 
or EBM builds and components require further processing to achieve their final shape. While powder 
bed systems can achieve component resolution as fine as 80 µm, LENS systems can only achieve 
features as small as 250 µm [21, 24, 25]. Like powder bed systems, powder feed technologies also 
suffer from anisotropic microstructures in their builds. Figure 4 shows columnar microstructures in 
LENS manufactured Ti-6Al-4V components [14]. 
2.1.3. Wire feed systems 
Electron Beam Freeform Fabrication (EBF3) and Wire and Arc Additive Manufacturing (WAAM) 
are two leading wire fed AM systems. EBF3 is a NASA patented AM process that functions in a 
similar manner to LENS powder fed technology [26]. While the energy source has been replaced with 
an electron beam and the material source is a wire rather than powder, the mechanism for deposition 
remains the same. Deposition begins on a substrate plate and both the electron beam and wire feed 
nozzle are able to move in all three dimensions.  WAAM is similar in its deposition process but 
instead uses a plasma arc as its energy source. This arc is usually generated by a Tungsten Inert Gas 
(TIG) welder, a cheaper alternative to electron beam and laser energy sources. One key difference 
between EBF3 and WAAM systems is that EBF3, like all electron beam technologies, requires a 
vacuum environment to operate. WAAM however, can simply operate in an inert gas environment 
reducing complexity. Both EBF3 and WAAM are advantaged by their ability to produce larger 
components than other AM technologies and their high build rates. Both systems are able to achieve 
build rates greater than 10 kg/hr [9, 27]. WAAM is also a lower cost alternative to other AM processes 
due to its inexpensive energy source. The trade-off for low cost and high production rates in a lack of 
detail and intricacy in wire fed components. These systems are designed to produce large components 
in bulk and cannot achieve the resolution of powder bed or powder fed systems. Components built 
using wire fed systems also require additional machining to attain their desired shape.  
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Like all other AM technologies, wire fed systems also suffer from anisotropic microstructures. An 
analysis conducted by Frazier (2014) compared the microstructures of Ti-6Al-4V components built 
using LENS and Electron Beam systems [14]. Like the microstructures of SLM and EBF builds, these 
components also showed columnar grain growth parallel to the layer build direction. 
 
Figure 4: Macro-graphic images of AM Ti-6Al-4V showing (a) LENS structure one bead wide, (b) LENS structure 
three beads wide, and (c) EBF3 structure three beads wide. [14] 
The anisotropic microstructures displayed in Figure 3 and Figure 4 have distinct effects on the 
mechanical properties of those components. Such anisotropy must be mitigated to allow for 
widespread commercial use of AM components.  
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2.2. HALL-PETCH RELATIONSHIP  
The Hall-Petch relationship was developed in the early 1950s by authors E. O. Hall and N. J. Petch 
[28, 29]. The relationship directly links grain size to the yield strength of polycrystalline metals and 
highlights the importance of grain refinement.  
The relationship is given by the following equation: 
𝜎𝑦 = 𝜎0 +
𝑘𝑦
√𝑑
      (1) 
Where  σy is the yield strength, d is the average grain diameter, σo is the material constant for friction 
stress that represents the resistance of the lattice to dislocation motion and ky is the material specific 
constant known as the strengthening coefficient.  
The Hall-Petch relationship states that the yield strength of a metal is inversely proportional to the 
square root of the average grain diameter. This is due to the behaviour of discontinuities within a 
metal. For large grain sizes, discontinuities can build up within grain boundaries and use their 
collective momentum to cross grain boundaries. For smaller grains, the number of discontinuities 
within a grain is reduced due to the lower area and the number of grain boundaries increases. This 
means that the stress required to move a discontinuity through a metal is increased if the grain size is 
reduced as the discontinuity will encounter a greater number of grain boundaries.  
While this theory was initially developed for mild steels, experimental evidence has demonstrated 
that it is valid for any polycrystalline metal [30]. Studies also suggest that the relationship is valid 
regardless of the method used to manufacture the metal. The relationship has been used to 
successfully predict the grain sizes of metals produced by inert gas condensation and 
electrodeposition [12]. The theory has also been applied to grain sizes ranging from the micrometre 
scale to the nanometre scale and has continued to demonstrate its validity [12]. 
The wide applicability of the Hall-Petch relationship suggests that it would also be valid for metals 
deposited using AM methods. The relationship between yield stress and grain diameter further 
highlights the importance of grain refining technologies.       
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2.3. SOLIDIFICATION THEORY 
Solidification conditions can have a significant impact on a material’s microstructure and its 
mechanical properties. All polycrystalline materials undergo the same process when they transform 
from a liquid to a solid. Whether it is water turning to ice or molten titanium cooling to a solid, the 
process can be broken down into two steps: nucleation and growth.  
2.3.1. Nucleation 
Nucleation can occur in two ways: homogenous or heterogenous. Homogenous nucleation occurs 
within the liquid phase itself while heterogenous nucleation occurs at container walls or around 
insoluble foreign particles in the liquid. 
The process of solidification is driven by the change in the Gibbs free energy (ΔG) of the system. 
This free energy is a function of the enthalpy (H), temperature (T) and entropy (S) of a system and 
drives phase transformation spontaneously when ΔG is negative. ΔG is given by the following 
equation: 
∆G =  ∆H − T∆S           (2) 
 
Figure 5: Theoretical cooling profile of a pure material 
Figure 5 shows a theoretical cooling profile for a pure material. In this scenario, both solid and liquid 
phases would be equally stable at the freezing/melting point. No phase transformation would occur 
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unless an external factor were to change the Gibbs free energy of the system to favour one phase over 
another. To drive the growth of the solid phase, heat must be extracted from the system. As heat is 
extracted from the system, the transformation of the system from liquid to solid releases heat, keeping 
the temperature unchanged until the entire system has been transformed into the solid phase. 
Therefore, enthalpy and temperature do not change during the solidification process, but the system’s 
entropy is reduced, thus making ΔG negative.  
During homogenous nucleation, atoms of low energy group together and form embryos: solid 
particles that form and remelt if they are not of adequate size. If an embryo were to grow large enough 
to reach a critical radius r*, it would then become a nucleus. To determine this critical radius, the 
change in Gibbs free energy must be considered for embryo/nucleant formation. Two factors 
contribute to this change in free energy. The first is the difference in free energy between the solid 
and liquid phases and is the volume of the nucleant particle multiplied by the volume free energy 
factor: ΔGv. This factor is negative if the temperature is below the equilibrium solidification 
temperature. The second factor is driven by the formation of the solid-liquid interface. It is a function 
of the surface area of the nucleant particle and the surface free energy factor: γ. Assuming a spherical 
particle, the change in Gibbs free energy for nucleant formation is: 
∆𝐺 =  
4
3
𝜋𝑟3∆𝐺𝑣 + 4𝜋𝑟
2𝛾      (3) 
The volume free energy factor ΔGv can be expressed in terms of temperature as: 
∆𝐺𝑣 =
𝛥𝐻𝑓 ∆T
𝑇𝑚
       (4) 
Where Tm is the melting/freezing point of the liquid, ΔHf is the latent heat of solidification and ΔT is 
the degree of supercooling (the difference between actual temperature and Tm). 
Figure 6 graphically shows the variation of the Gibbs free energy components with respect to nucleant 
particle radius (r). 
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Figure 6: Gibbs free energy requirement for nucleant formation [31]. 
Figure 6 shows that as the particle radius increases, initially the change in free energy is positive, 
suggesting that particles of this size range are unstable and will redissolve. The minimum radius for 
nucleant formation coincides with the maximum free energy requirement: ΔG*. This factor acts as 
the energy barrier to nucleant formation as any particles with a greater radius will continue to grow 
and form crystals. The critical radius for achieving nucleant formation can be calculated by deriving 
equation            (2) with respect to r. This gives: 
𝑟∗ = −
2𝛾
𝐺𝑣
= −
2𝛾𝑇𝑚
𝐻𝑣𝛥𝑇
        (5) 
Substituting equation (5) into equation      (3) gives the solution for 
the activation energy requirement for nucleant formation: 
 
∆𝐺∗ =
16𝜋𝛾3
3∆𝐺𝑣
3 =
16𝜋 𝛾3 𝑇𝑚
2
3 ∆𝐻𝑓
2 ∆T2
              (6) 
Equation (6) shows that the energy barrier to homogenous nucleation is inversely proportional to the 
square of the supercooling; indicating that increasing the supercooling of a liquid promotes nucleation 
events through the decrease in activation energy [32, 33].  
The rate of nucleation in a system is dependent on two factors: the number of stable nuclei in the 
system, n* (i.e. particles with a radius greater than r*) and the rate at which atoms from the liquid 
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phase attach themselves to a nucleus, vd. Both these terms are given by the following temperature-
dependent functions: 
𝑛∗ = 𝐶1 exp (−
∆𝐺∗
𝑘𝑇
)             (7) 
𝑣𝑑 = 𝐶2 exp (−
𝑄𝑑
𝑘𝑇
)             (8) 
Where C1 and C2 are constants, Qd is the activation energy for diffusion and is independent of 
temperature, k is Boltzmann’s constant and T is temperature.  
Combining these two parameters gives a solution for the nucleation rate, N: 
𝑁 =  𝐶3𝑛
∗𝑣𝑑 = 𝐶1𝐶2𝐶3 exp (−
∆𝐺∗
𝑘𝑇
) exp (−
𝑄𝑑
𝑘𝑇
) 
=
𝐶1𝐶2𝐶3
exp(
∆𝐺∗+𝑄𝑑
𝑘𝑇
)
            (9) 
Where C3 is the number of atoms on a nucleus surface. 
Figure 7 shows the effect of temperature and supercooling on nucleation rate. As the degree of 
supercooling increases, the number of nucleant particles (n*) increase, due to the nucleation activation 
energy (ΔG*) being heavily dependent on the degree of supercooling. Meanwhile the decrease in 
temperature causes vd to decrease. When these two factors are balanced, the maximum nucleation rate 
can be achieved.  Figure 7 show that there exists a supercooling value that results in this peak 
nucleation rate and any variation from this level of supercooling (positive or negative) will result in 
an exponential drop in nucleation rate. 
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Figure 7: Impact of temperature and supercooling on rate of nucleant formation N [31]. 
The degree of supercooling required to achieve this maximum nucleation rate has been reported to 
be 236 oC for copper and 295 oC for iron [34]. This degree of supercooling is rarely achieved in 
reality. Most observed nucleation events occur heterogeneously rather than homogenously as the 
energy requirement for heterogenous nucleation is significantly lower.  
The relationship between the activation energy for heterogeneous nucleation (ΔG*het) and 
homogeneous (ΔG*hom) is given by equation:  
∆𝐺∗ℎ𝑒𝑡 = ∆𝐺
∗
ℎ𝑜𝑚 𝑓(𝜃)     (10) 
Where 𝑓(𝜃) is a function of the wetting angle of the heterogeneous nucleant and ranges between 0 
for a perfect heterogeneous nucleant and 1 for an ineffective nucleant [32, 35]. This wetting angle 
can be visualised by imagining a curved nucleus on a flat substrate (such as a mould wall). Figure 8 
shows a schematic of this scenario with vectors showing the various interfacial energies that exist at 
the phase boundaries. γSL represents the interfacial energy between the solid and the liquid phases, γSI 
represents the energy between the solid and the substrate (or interface) and γIL represents the energy 
between the substrate and the liquid phase. 
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Figure 8: Schematic of heterogenous nucleation on a substrate [31]. 
𝑓(𝜃) can be expressed as: 
𝑓(𝜃) =
1
4
(2 + cos 𝜃)(1 − 𝑐𝑜𝑠𝜃)2    (11) 
For a perfect heterogeneous nucleant, the wetting angle is 0 and thus the activation energy is nil and 
nucleation occurs instantaneously after temperature falls below the solidification point. The wetting 
angle is determined by a range of factors including: surface roughness, the chemistry of the substrate 
and lattice matching [36, 37]. These factors are considered when intentionally adding heterogenous 
nucleants to a melt in a process known as inoculation. While heterogenous nucleants do reduce the 
energy barrier, they are also strongly influenced by the degree of the supercooling. Therefore, 
supercooling plays a critical role in the nucleation of both homogenous and heterogeneous grains and 
is hence critical to grain refinement. 
2.3.2. Grain Growth 
Once the energy and supercooling requirements are met, a stable nucleus can form. From this point, 
grain growth occurs through long range atomic diffusion parallel in a similar manner to how an 
embryo grows to become a nucleus.  For this reason, the equation for grain growth resembles that of 
diffusion: 
𝐺 = 𝐶 exp (−
𝑄
𝑘𝑇
)        (12) 
Where G is the growth rate, C is a constant, Q is the required activation energy, k is the Boltzmann 
constant and T is absolute temperature.  
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Growth then progresses parallel to the direction of heat flow until the grain boundary contacts another 
surface, such as the mould wall or another grain. As observed during the discussion of the nucleation 
rate, the rate of grain growth is proportional to temperature and therefore decreases with increased 
supercooling. When considering grain refinement, this once again highlights the importance of 
supercooling within a melt. Increased supercooling not only allows for more nucleants to form, it also 
decreases grain growth rate, allowing for a finer and more equiaxed microstructure.  
In pure metals, supercooling occurs only through thermal heat extraction but for alloys, variations in 
solute concentration can cause supercooling in a phenomenon called constitutional supercooling. The 
degree of supercooling can not only affect the rate of grain growth, but also the shape of grains. 
2.4. CONSTITUTIONAL SUPERCOOLING 
Constitutional supercooling is a phenomenon caused due to compositional changes in a melt 
composed of two or more compounds. It is the method by which certain solutes cause grain 
refinement. During solidification, solute is ejected out of the solid phase at the solid-liquid interface 
due to variances in solubility. This can be visualised through the schematic below which shows a part 
of a hypothetical phase diagram. The region focuses on an area of low solute concentration in a 
temperature zone that covers both the solidus and liquidus lines. 
 
Figure 9: Schematic of a partial phase diagram showing the solidus and liquid lines at low solute concentrations [36]. 
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Figure 9 shows that for a given temperature T*, there exists an equilibrium solute concentration within 
the solid (XS) and an equilibrium solute concentration within the liquid phase (XL). The figure also 
shows the point of maximum solubility in the solid phase (Xmax). TS and TL show the points along the 
solidus and liquidus lines respectively for a given solute concentration (X0).  
It can be seen from Figure 9 that the solubility of the solute is greater in the liquid phase. This leads 
to a localised increase in solute concentration at the interface during solidification as solute is rejected 
from the solid phase into the liquid phase.  This difference in solute concentration at any given 
temperature can be expressed in terms of temperature as: 
∆𝑇0 = 𝑇𝐿 − 𝑇𝑆 = −𝑚∆𝑋0     (13) [32] 
Where m is the slope of the liquidus line and ΔX0 is the difference in solute concentration. This 
expression can be rearranged as: 
∆𝑋0 =
𝑋0(1−𝑘)
𝑘
      (14) 
Where k is the partition coefficient and equals: 
𝑘 =
𝑋𝑠
𝑋𝐿
             (15) 
Consider a uniform liquid phase with the composition X0. As the temperature is reduced from TL to 
T*, the melt begins to solidify and the solid phase rejects solute until its concentration is reduced to 
Xs. At this point the liquid phase will have a maximum concentration of X0/k immediately beside the 
solid-liquid interface and will gradually reduce to the equilibrium composition (X0) as the distance 
(x) from the interface increases. This zone of increased solute concentration is known as the boundary 
layer. The concentration gradient of solute within the boundary layer is given by: 
𝐺𝐶 = − (
𝑉
𝐷
) ∆𝑋0          (16) [38] 
Where Gc is the gradient, V is the velocity of the progressing solid-liquid interface and D is the 
diffusion coefficient in the liquid.  
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This localised increase in solute concentration reduces the solidification temperature of the liquid, 
which can be calculated using equation    (13) [32]. A visual representation of the 
variation in solute concentration at the interface and its effect on the equilibrium solidification 
temperature (TE) is shown in Figure 10.  
 
Figure 10: Schematics of (a) the solute concentration in front of a growing solid-liquid interface; (b) the change in 
equilibrium liquidus temperature (TE) due to solute composition. The constitutionally supercooled zone is the difference 
between TE and the actual temperature (TA). Adapted from [39]. 
During solidification, the actual temperature of the liquid phase (TA) will be equal to TS at the solid-
liquid interface and will increase at a gradient as the distance from the interface (x) increases. Figure 
10b shows that if the gradient of TA is low, there will exist a zone in the liquid where the actual 
temperature will be lower than the equilibrium solidification temperature, forming a constitutionally 
supercooled zone.  
The actual temperature gradient within the melt (GT) can be defined as follows: 
𝐺𝑇 =  
𝜕𝑇𝐴
𝜕𝑥
                  (17) 
 
For a constitutionally supercooled zone to exist, the following condition must be satisfied: 
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𝐺𝑇 < 𝑚𝐺𝐶       (18) 
𝐺𝑇 < −𝑚 (
𝑉
𝐷
∆𝑋0)         (19) 
𝐺𝑇 <
𝑚𝑉𝑋0(𝑘−1)
𝑘𝐷
         (20) 
Equation         (20) highlights that steep liquidus gradients, high growth 
velocities and solute concentrations as well as shallow thermal gradients, low diffusivity and partition 
coefficients favour the development of a constitutionally supercooled zone. These are all conditions 
that must be considered when selecting a grain refining solute.  
The thermal gradient within the liquid and rate of grain growth also affect the type of growth 
observed. Figure 11 shows how the ratio of GT/V affects the type of grain growth and the degree of 
supercooling. 
 
Figure 11: Effect of temperature gradient and growth rate on degree of supercooling and type of grain growth. Adapted 
from [32, 40]. 
Research has shown that most additive manufacturing techniques experience steep temperature 
gradients and generally experience unidirectional cell growth, resulting in large columnar grains [41-
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43]. The addition of an effective grain refiner in these conditions will lead to an increase in the 
supercooling of the melt, increasing nucleation events at the solid-liquid interface. These nucleation 
events create additional grains which then generate constitutional supercooling at their solid-liquid 
interfaces. The increase in solute concentration in the boundary layer also serves to reduce the growth 
rate of existing grains as per equation (12). Through this process, the overall number of grains in a 
structure increases and the microstructure is refined [33, 44].  
2.5. THE GROWTH RESTRICTION FACTOR 
The effectiveness of grain refining solute can be quantified by the growth restriction factor. This 
growth restriction factor (Q) was first used by Maxwell and Hellawell in 1975 to determine a simple 
model for grain refinement during solidification [45]. It has been tested experimentally for various 
alloys and has been found to be accurate in predicting the grain refining properties of solutes. Its use 
however, has been shown to be limited to binary systems as the factor has been tested to be inaccurate 
in predicting solute effectiveness in ternary or quaternary systems [46, 47]. The factor is defined by 
equation     (21). 
𝑄 = 𝑚𝑙𝐶0(𝑘 − 1)      (21) 
Where ml is the slope of the liquidus in a binary phase diagram at a given solute composition C0 and 
k is the partition coefficient of the solid and liquid phases [48]. 
The growth restriction factor allows for the grain refining potency of a solute to be measured 
quantitatively. This allows for various solutes to be compared based on their effectiveness and 
indicates the potential for grain refinement prior to experimentation. The key limitation to this theory 
is its lack of applicability of systems with more than two phases. While it may effectively determine 
the grain refining ability of a solute in a binary system composed only of the solute and parent metal, 
it must be used with caution for alloys composed of more than two elements. Work conducted by 
Bermingham et. al. however, has found that the growth restriction actor is a useful tool in determining 
potential grain refining solutes for both pure titanium and its alloys [32, 49-54]. The research found 
that the growth restriction factor was also applicable for non-binary systems and shows its potential 
for use in this thesis.     
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2.6. INTERDEPENDENCE THEORY 
The Interdependence Theory proposed by StJohn et al. [55] relates grain size to nucleation parameters 
and alloy chemistry. Specifically, solute parameters such as concentration of the alloy, Co, solute 
diffusion rate, D, and growth restriction factor, Q, are used in conjunction with nucleant properties 
such as required activation supercooling, Tn, and particle spacing, xsd, to determine the average grain 
size. This relationship is given by the formula: 
 (22)    
Where dgs is the average grain size, zΔTn is the incremental amount of supercooling required to re-
establish the nucleation supercooling of the most potent nucleant particle, v is the grain growth 
velocity, Cl
* is the percentage of solute at the solid liquid interface, and k is the partition coefficient 
of the solvent. xsd is the distance in µm between the nucleation free zone defined by the first two terms 
in equation    (22) and the next most potent activated nucleant particle in the melt. 
This theory combines alloy chemistry and nucleant potency in predicting the average grain size of a 
metal. The theory has been tested experimentally with reasonable success in aluminium and titanium 
alloys [51, 55-57].  
The inverse proportionality between grain size and the growth restriction factor indicates that, for a 
given concentration, a solute with a higher Q factor will result in a higher degree of grain refinement. 
The Interdependency theory also highlights that the type and concentration of nucleant particles is 
also key in controlling grain size. The grain growth velocity v, which is a function of the cooling rate 
of the melt, is also crucial in defining the grain size. The theory highlights that grain refinement can 
also be achieved through modifying cooling rates and through the addition of more potent nucleant 
particles. 
2.7. RECENT DEVELOPMENTS IN TITANIUM AM & GRAIN REFINEMENT 
While additive manufacturing in still an emerging field of materials engineering, the grain refinement 
of structures produced by AM is highly sought after. Researchers have conducted an analysis of the 
microstructure of titanium components created using various AM methods and have found that the 
microstructures of these components contain elongated columnar grains and are anisotropic in their 
mechanical properties. Samples were found to be varying in strength and ductility based on their 
orientation during the deposition process [58-61]. This research highlights the need for a grain 
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refining solution for additively manufactured titanium components. The issue of anisotropic 
microstructure is not limited to one method of direct deposition but impacts a multitude of 
technologies. 
Work conducted by Dutta and Froes [62] in powder based additive manufacturing using Ti-6Al-4V 
has investigated the microstructures of built components and compared them to cast and wrought 
components. Testing has shown that, while the AM components displayed high yield strengths, they 
lacked in ductility when compared to cast and wrought components. The researchers were able to 
remedy this issue through hot isostatic pressing (HIP) and heat treatment of the AM components. 
Their study also found that the fatigue resistance of their AM components was similar to cast 
structures without the need for heat treatment.  
Recent research by Xu et al. [63] involving the additive manufacturing of Ti-6Al-4V using SLM has 
found that components can be created with superior mechanical properties compared to those of 
wrought products. By changing the parameters of the deposition apparatus, such as layer thickness 
and energy density, the researchers were able to address the issue of acicular α’ martensite, which 
was deemed to be responsible for a lack of ductility in SLM components. The changes in deposition 
parameters allowed for the development of lamellar microstructures within the components which 
were tested to have tensile strength, fatigue life and ductility comparable to mill annealed 
components. This research highlights that altering the deposition parameters may allow for grain 
refinement to occur, mainly through the altering of heating and cooling rates of the deposition cycles.   
A recent study by Dong et al. [64] has shown that ZrN is an effective inoculant that results in the 
refinement of β grains in cast Ti-13Mo. The authors showed that the addition of ZrN to Ti-13Mo 
results in the formation of TiN particles at nitrogen levels as low as 0.4 wt%. These particles act as 
nucleants and transform a coarse columnar microstructure into a fine equiaxed structure. The authors 
also observed that additions of up to 6 wt% ZrN resulted in an increase in hardness that has been 
attributed to solid solution strengthening due to solute zirconium and precipitation strengthening from 
nitrogen-rich α precipitates. The increase in hardness was also attributed to grain boundary 
strengthening due to the refinement on β grains. The authors suggest that ZrN may also be applicable 
in refining other β-titanium alloys, particularly as relatively low levels of nitrogen are needed to 
induce the formation of TiN particles in β alloys. Other alloys may suffer from nitrogen embrittlement 
however, as much higher levels of nitrogen are needed for TiN formation (up to 5wt% for pure Ti).    
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By altering the zirconium content in the TC 11 titanium alloy (Ti-6.5Al-3.5Mo-0.3Si-1.5Zr), Jiao and 
co-workers [65] achieved grain refinement in samples created using Laser Additive Manufacturing. 
During deposition, the researchers observed that fine equiaxed grains initially form during deposition 
but are coarsened due to thermal cycling from the deposition of additional layers. By increasing Zr 
content from 1.5 wt% to 4.5 wt%, a 150% reduction in β grain size was achieved. The researchers 
also observed an increase in compressive hardness and yield strength. This was attributed to solid 
solution strengthen due to lattice distortion as well as due to Hall-Petch strengthening due to the 
reduced grain size. This research indicates that alloy composition can be altered to refine 
microstructure and mechanical properties without the addition of  foreign solutes. 
Research by Bermingham et al. [32, 49, 51-54, 66] in the grain refinement of cast titanium has led to 
the identification of many effective grain refining solutes. Elements such as boron, silicon and 
beryllium have been shown to refine the microstructure of cast titanium in trace amounts. The authors 
then expanded on this work by applying some of these grain refining solutes to WAAM titanium 
components. Trace additions of solutes such as boron and lanthanum hexaboride have been shown to 
refine the microstructures of Ti-6Al-4V components built using WAAM [50, 67]. The addition of 
boron was found to homogenise α phase microstructure by eliminating grain boundary and colony α. 
While boron was able to reduce the widths of prior-β grains, their columnar structure remained 
unchanged. The addition of lanthanum hexaboride changed the surface tension of the melt pool and 
affected the shape of the deposited layers. It also resulted in the formation of TiB needles oriented 
along the build direction. While both these solutes were able to refine the microstructure somewhat, 
they did not achieve a fully homogenous microstructure.  The research conducted by Bermingham et 
al. shows that solutes effective in refining cast microstructures are a good starting point in the 
investigation of WAAM grain refinement.  
Solute addition, heat treatment, nucleant inoculation and AM deposition paraments have all been 
shown to refine the microstructure or mechanical properties of titanium alloys to varying degrees. 
However, a comprehensive grain refining solution has not yet been identified for use in the additive 
manufacturing of titanium components on an industrial scale. This research aims to address this gap 
in knowledge by identifying potent grain refining solutes that can be used to refine the microstructures 
of titanium components produced through WAAM.  
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3.1. SELECTION OF SOLUTES 
Solute addition was selected as the method of grain refinement due to its effectiveness in the grain 
refinement of cast titanium alloys as well as other structural metals [32, 52, 53]. Potential solutes 
were selected for testing based on their growth restriction factors. Table 1 shows the growth 
restriction factors (Q) of multiple solutes per wt% of solute (Co). 
Table 1: Growth restriction factors of solutes for titanium grain refinement. Adapted from [49]. 
Element ml k 
Q
C0
 
Al -2.1 → 1 → 0 
V -4.7 → 1 → 0 
Sn -0.8 → 1 → 0 
Cr -8.1 0.81 1.5 
Fe -18 0.79 3.8 
Cu -10.6 0.39 6.5 
Y -8.8 0.09 7.93 
Co -23.7 0.63 8.8 
O 27.6 1.37 10.8 
Si -32.5 0.35 21.7 
P -29.1 0.11 25.9 
S -47 → 0 47 
C -55 → 0 55 
B -66 → 0 66 
Be -92 0.21 72 
From a practical perspective, there are concerns that boron is an unacceptable alloy element in 
titanium alloys used in aerospace applications due to the formation of embrittling TiB whiskers. The 
toxicity of beryllium eliminates it as a potential alloy element as the inhalation of beryllium dusts can 
induce a chronic life-threatening disease and extensive controls are required to ensure safety. Sulphur 
and phosphorus were also ruled out due to their toxicity concerns and the potential generation of 
hazardous gases (such as SO2 and PH3) during WAAM. Silicon is already an acceptable alloy element 
and is used in some commercial titanium alloys and is therefore a strong candidate to investigate 
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during WAAM. Carbon is also non-hazardous and is an acceptable alloy element in small 
concentrations1 and is worthy of investigation in WAAM. Carbon’s Q factor was calculated using 
phase diagrams and methods described in chapter 2.6. Based on these reasons and the relatively high 
Q factors of both silicon and carbon, they were selected as potential grain refining solutes. 
3.2. WAAM PROCEDURE 
Wire arc additive manufacturing was chosen to be the method of direct metal deposition due to its 
low cost and rapid deposition rates. This method allowed for multiple samples to be created rapidly 
and allowed for greater flexibility in alloy composition. For powder bed additive manufacturing 
processes, the entire powder bed must be replaced to test new alloys. In the case of WAAM, the wire 
feed source can be replaced quickly and with minimal work. This allowed for the experiments to be 
conducted with Ti-6Al-4V and Grade 1 Commercially Pure (CP) Titanium. Future experiments using 
this apparatus can be conducted using any alloy and are only restricted by the availability of feed 
wire.  
The apparatus consisted of a EWM Tetrix350 welding machine which acted as the energy source 
required in melting the raw wire. The feed wire used varied between Ti-6Al-4V and ASTM Grade 1 
Titanium, depending on experimental requirements. The wire was supplied through an automatic 
Tetrix 4L wire feed unit and was deposited by the welder on to a Ti-6Al-4V base plate. Argon gas 
was used to minimise oxidation using a trailing gas shield when depositing metal. The welder’s 
electrode, the wire feed nozzle and a gas shield were designed to move in unison through the use of 
a CNC (Computer Numerical Control) interface. This allowed for the system to move in all three 
dimensions, potentially allowing for the fabrication of complex 3D structures. The apparatus is shown 
in Figure 12 with a partially built component. 
                                                          
1 ASTM Grade 5 titanium (Ti-6Al-4V) and ASTM Grade 23 Titanium (Ti-6Al-4V Extra Low Interstitial) both tolerate up to 
0.08wt% carbon addition.  
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Figure 12: Wire Arc Additive Manufacturing Apparatus 
Factors such as welding current, wire feed rate and deposition rate were varied between experiments 
to investigate builds of diverse geometries. Some parameters resulted in better mixing of solute 
particles within the melt pool and provided uniform results. Table 2 displays the parameters that 
provided the most consistent results with respect to solute mixing. As experiments progressed, 
additional parameters such as an arc pulse were added.  
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Table 2: Parameters used for the WAAM process 
AM Machine Parameters  
Welder Type Tungsten Inert Gas (TIG) 
Electrode Tungsten–rare earth, 2.4 mm diameter 
Peak Current 150A 
Base Current 75A 
Arc Pulse 5kHz 
Distance between electrode and base plate 5 mm 
Titanium Grade ASTM Grade 1 or ASTM Grade 5 
Wire Diameter 1 mm 
Wire Feed Rate 1.5 m/min 
Deposition Rate 50 to 150 mm/min 
Shielding Gas Argon, 99.999% purity 
Solute addition was performed during the WAAM process by applying a “paint” of solute particles 
suspended in an alcohol-based gel to the surface of the build between layers. The gel was chosen as 
it evaporated quickly and minimised contamination while providing a necessary adhesive effect to 
the solute particles. Multiple solute paints were created with varying composition and concentration 
of suspended particles.  
3.3. ANALYSIS OF GRAIN REFINEMENT 
Once samples were built using the WAAM method, they were stress-relieved for 2 hours at 480 oC 
as per industry standards [2, 68]. Cross-sections were then cut from the deposited components and 
mounted in resin. These samples were polished and etched with Kroll’s Reagent (30% Nitric Acid 
and 5% Hydrofluoric Acid in water). 
The etching process revealed the grain structure of the built components. These samples were then 
analysed through optical microscopy to determine if any grain refinement had occurred. Successful 
experiments were repeated with larger samples sizes and varying solute concentrations to provide a 
wide range of data points. The individual grains in each of these samples were counted to determine 
density of grains per unit area, as a variation of the Planimetric Method of grain size measurement 
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[69]. Figure 13 shows the appearance of prior-β grain boundaries when viewed through an optical 
microscope. 
 
 Figure 13: Comparison of raw (A) and enhanced (B) images used in the analysis to determine prior-β grain size. A2 
and B2 show the images at a higher magnification.     
The unedited grain sizes shown in Figure 13A were then traced digitally (Figure 13B) to allow for 
easier visualisation of the grain structure within samples. 
Following the grain size analysis, sample composition was tested using Energy Dispersive X-Ray 
Spectroscopy (EDX) and mass spectrometry. This information was used to determine the impact of 
solute concentration on grain size. 
3.4. THERMAL ANALYSIS 
During some experiments, temperature profiles of the WAAM components were measured during 
the deposition process to identify the cooling rates and the impact of solutes on the solidification 
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process. Measurement was conducted using a Micro-Epsilon CTLM-1 HCF3-C3 infrared pyrometer. 
The location of measurement was kept constant throughout the deposition process using laser 
markers. The pyrometer was placed inside the WAAM chamber during deposition and temperature 
data was recorded in 1ms increments.  
Differential Scanning Calorimetry (DSC) was also used to determine the effects of carbon addition 
on the phase transition temperatures of the WAAM samples. Samples were heated at 20 oC/min in an 
argon environment and their heat flow (µV/mg) was measured to determine the β-transus 
temperatures. By recording how the heat flow varies over time to maintain a constant increase in 
temperature of 20 oC/min, the phase transition temperature can be highlighted. 
3.5. INVESTIGATION OF MECHANICAL PROPERTIES 
Cylindrical samples (ø5mm, 10mm long) complying with ASTM E9 were cut from the WAAM builds 
and compression tested with a crosshead speed of 1mm/min using an Instron testing machine 
equipped with a video extensometer. To investigate anisotropy, compression testing samples were 
prepared in both longitudinal (horizontal) and transverse (vertical) orientations.  Round tensile bars 
for tensile testing were machined according to ASTM E8M (gauge length 20mm with ø4mm) in the 
longitudinal (horizontal) orientation and tested at 0.5mm/min using an Instron machine. Figure 14 
shows the location of the compression and tensile cylinders within the WAAM builds.    
 
Figure 14: Locations of compression and tensile cylinders within WAAM builds. 
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Forty-two experiments were conducted during the course of candidature. The aims of these tests were 
to investigate the impact of various solutes and welding parameters on the grain refinement of 
WAAM titanium components.  These experiments also tested various methods of solute addition to 
determine the most effective method for dispersing the solute elements throughout the components. 
The effectiveness of solutes was tested on both Ti-6Al-4V and ASTM Grade 1 (CP) titanium. During 
these tests, the operating conditions of the WAAM equipment were refined to produce consistent 
results. Both silicon and carbon solute showed clear and measurable effects as grain refiners. 
4.1. WAAM OPERATING PARAMETERS 
The operating parameters of the WAAM apparatus determined the amount of heat added to the 
components during construction and impacted the shape of the final builds. Various welding currents 
and deposition rates were tested to determine which combinations provided the most stable 
components. One key factor in consideration was the presence of excess heat during the building 
process. As the argon gas shield only operated during and immediately after the welding process, 
excess heat within the builds caused oxygen contamination due to titanium’s high reactivity at 
elevated temperatures. However, while reducing the welding current also reduced the heat present in 
the build, it made the shape of the welds asymmetrical and made the deposition of multiple layers 
difficult.  
The welding current and wire feed rate were also altered to determine the best conditions for solute 
mixing. It was found that a slow-moving arc with under high current resulted in the best dispersion 
of solute particles within the builds. Once again high current led to heat accumulation and the 
potential for oxygen contamination and so a balance between the parameters had to be found. Through 
trial and error, it was determined that parameters listed under Table 2 allowed for adequate mixing of 
solute particles while minimising oxidation and retaining a stable weld shape suitable for the WAAM 
process. Bermingham et al. used the same deposition parameters during WAAM and demonstrated 
that negligible oxidation/contamination occurred [70].  Figure 15 shows a sample with a large dark 
band of unmixed silicon paint, typical of early experiments. 
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Figure 15: Presence of dark silicon bands in a Ti-6Al-4V WAAM sample 
4.2. PAPER 1: GRAIN REFINEMENT OF WIRE ARC ADDITIVELY MANUFACTURED 
TITANIUM BY THE ADDITION OF SILICON 
Paper 1 focused on the addition of silicon to wire arc manufactured CP titanium and found that it 
successfully resulted in the refinement of prior-β grains. The results were published as part of a paper 
titled “Grain Refinement of Wire Arc Additively Manufactured Titanium by the Addition of Silicon” 
within the Journal of Alloys and Compounds. This paper can be found as part of Chapter 5. 
Although the decrease in grain size did not result in a completely homogenous equiaxed grained 
sample, the experiment proved that the grain refining properties of silicon still hold true for the high 
thermal gradients of wire arc additive manufacturing. The experiment also highlighted the need for 
the development of nucleant particles that can be used in conjunction with silicon to refine WAAM 
microstructures to the level of cast microstructures. Establishing silicon as a grain refiner for 
additively manufactured titanium components is a step towards bridging the gap between traditionally 
manufactured and additively manufactured products.  
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The experimental methodologies refined during the course of this study aided in the investigation of 
other grain refining solutes. The learnings for this study were then used to investigate the effects of 
carbon as a grain refiner of WAAM Ti-6Al-4V components.  
4.3. PAPER 2: TRACE CARBON ADDITION TO REFINE MICROSTRUCTURE AND 
ENHANCE PROPERTIES OF ADDITIVE MANUFACTURED TI-6AL-4V 
Paper 2 investigated the effects of carbon as a grain refiner for WAAM Ti-6Al-4V components. The 
first study into silicon achieved grain refinement but a large concentration of solute was required to 
achieve this. The second study investigated Carbon because it has a higher Q than silicon (QCarbon = 
55 vs QSilicon = 21.7, see Table 1) and thus should be more effective at trace levels. Furthermore, 
carbon was also selected as a potential refiner for α-grain size, which may improve the mechanical 
properties. Through this work it was found that carbon additions of up to 0.41wt% refined both the β 
and α phases. The paper also examined the effects of this grain refinement on the tensile strength and 
ductility of the components. The average yield and tensile strength increased for all three carbon 
alloys investigated. The addition of 0.1wt% carbon proved to be the most effective in increasing yield 
and tensile strengths, with an improvement of 9% over unalloyed Ti-6Al-4V. For higher levels of 
carbon, strength and ductility both decreased, with the 0.41wt% carbon alloy failing at 1% elongation.  
An infrared pyrometer was used to measure the temperature during deposition of the components. 
The effects of carbon on the cooling profiles of the components was also investigated using this data. 
The addition of 0.41wt% carbon resulted in the reduction of the solidification temperature from 
1682°C in Ti-6Al-4V to 1654°C. 
4.3.1.  Compressive Testing 
The favourable findings obtained through paper 2 led to additional research to investigate carbon’s 
effect on Ti-6Al-4V further. An analysis of the anisotropy in the built components were investigated 
through compression testing.  
It was found that additions of trace carbon to Ti-6Al-4V increased the maximum compressive strength 
by up to 7%. Figure 16 compares the average maximum compressive strengths of samples cut in the 
longitudinal (parallel to the direction of deposition) and transverse (perpendicular to the direction of 
deposition) orientations for various carbon additions. Figure 17 shows the effect of carbon on the 
ductility of the samples by comparing the strain at the point of maximum stress. 
Chapter 4      Overview of Papers & Additional Findings 
38 
 
 
Figure 16: Impact of Carbon additions on the Maximum Compressive Stress. Error bars indicate + 1 standard deviation. 
 
Figure 17: Impact of Carbon additions on the Strain at Maximum Compressive Stress. Error bars indicate + 1 standard 
deviation. 
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Figure 16 and Figure 17 show that carbon additions up to 0.1% can be beneficial in improving both 
the compressive strength and the ductility of the samples. The addition of 0.1% carbon resulted in a 
7% increase in maximum compressive strength when compared to unalloyed Ti-6Al-4V. Samples 
containing 0.1% C also exhibited an 8% increase in ductility at the point of maximum stress when 
compared to other samples. It is to be noted that samples with 0.41% C showed a reduction in strength 
and ductility when compared to the samples containing 0.1% C. Figure 16 also shows that the 
compressive strength of the samples is anisotropic, with samples cut in the longitudinal direction, 
withstanding up to 5% more stress than samples cut in the transverse direction. It can also be seen 
that samples containing 0.1% C exhibit the least amount of anisotropy. This anisotropy can be 
attributed to the columnar nature of the prior-β grains. The widths of α laths have been observed to 
influence the yield strengths of additively manufactured Ti-6Al-4V structures in accordance with the 
Hall-Petch relationship [71]. Since the β phase influences α-colony size and orientation, the lower 
widths of the prior-β grains in the longitudinal direction may have increased the yield strength in that 
direction [39]. 
4.3.2. Differential Scanning Calorimetry 
To expand on the initial thermal analysis conducted during paper 2, Differential Scanning 
Calorimetry (DSC) was used to determine the effects of carbon addition on the phase transition 
temperatures of the WAAM samples. Samples were heated at 20 oC/min in an argon environment and 
their heat flow (µV/mg) was measured to determine the β-transus temperatures. 
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Figure 18: DSC analysis of WAAM Ti-6Al-4V components containing: [1] 0wt% C, [2] 0.03wt% C and [3] 0.41%wt% 
C 
Figure 18 shows indicates that the β-transus temperature of unalloyed Ti-6Al-4V increases from 
approximately 960 oC to 1013 oC in the presence of 0.03wt% C and to 1021 oC for 0.41wt% C. These 
observations are consistent with binary phase diagrams of the carbon-titanium system which indicate 
that the β-transus temperature of unalloyed titanium increases from 882 oC to 920 oC with the addition 
of approximately 1.8at% carbon [72]. These measurements show the role of carbon as an α phase 
stabiliser when added to Ti-6Al-4V in trace amounts. 
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ABSTRACT 
This study demonstrates that silicon additions are effective in refining the microstructure of additive layer 
manufactured (ALM) titanium components. The addition of up to 0.75wt% silicon to commercially pure 
titanium manufactured by wire arc ALM results in a significant reduction of the prior-β grain size. It is 
observed that silicon also reduces the width of the columnar grains and allows for the nucleation of some 
equiaxed grains through the development of constitutional supercooling and growth restriction. The grain 
size of the ALM components is compared to a casting process and it is found that the as-deposited 
microstructure produced during ALM exhibits larger average grain sizes. Using the Interdependence model 
for predicting grain size, it was determined that the population of nucleant particles that naturally occur in 
titanium, has comparable potency (i.e. ability to activate at a similar undercooling) regardless of the 
processing method, however, the ALM process contains fewer, sufficiently potent, nucleant particles than 
for the casting process due to the effect of subsequent cycles of remelting and heating.  
Keywords: additive manufacturing, grain refinement, titanium, silicon 
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1. INTRODUCTION 
Titanium’s high strength to weight ratio, corrosion resistance and ability to withstand high temperatures 
makes its alloys prime candidates for aerospace applications [1, 2]. The highly desirable properties of titanium 
such as high ductility, strength and thermal resistance also make it very difficult to machine [1]. Subtractive 
manufacturing is inefficient in terms of time and material waste. For example, in the F-22 Raptor, an aircraft 
composed of approximately 39% titanium, only a tenth of the material purchased is used in the aircraft, with 
the remainder being lost due to machining waste [3]. Additive Layer Manufacturing (ALM) is an emerging net 
shape forming technology that seeks to address these material wastage issues [4]. ALM processes involve 
building components from powder or wire through selective melting or sintering in a layer-by-layer fashion 
[5]. Wire arc ALM is a novel method that allows for greater production rates (several kg/hr) and allows for 
the bulk production of large components [6].  
One key issue preventing the widespread use of additively manufactured products is the fact that the 
material properties of ALM components can be inferior compared to those of conventionally fabricated 
products [6]. In titanium alloys, the local solidification of small melt pools during layer deposition can result 
in epitaxial growth and the formation of columnar grains as heat is primarily extracted through the previously 
deposited solidified layer, often across a steep thermal gradient [7]. The emergence of grain boundary α that 
forms during the subsequent solid state transformation along aligned prior-β columnar grains can result in 
highly anisotropic properties and poor ductility in components produced by ALM [8-11].  
The issue of large directional grains can be addressed either with the addition of potent nuclei, a solute that 
promotes constitutional supercooling or a combination of the two [12, 13]. The Interdependence model 
clearly shows the interdependence between solute and particle potency in creating an equiaxed structure. 
Nuclei are naturally present in liquid metals and are the starting point of every grain. Introducing additional 
potent nucleant particles by inoculation would facilitate grain refinement by increasing the total number of 
grains and therefore reducing the average grain size [14]. Select growth restricting solutes can promote grain 
refinement by providing the constitutional supercooling required to activate nucleant particles. Columnar 
grain growth occurs parallel to the direction of heat transfer from a pre-existing solid region and must be 
restricted to obtain homogeneity and to facilitate grain refinement. Constitutional supercooling of the melt 
pool reduces the growth rate of columnar grains at the solid-liquid interface [12]. This allows for additional 
nucleation events to take place within the melt thereby increasing the grain density. By using potent nuclei 
and a solute in unison, grain refinement can be optimised to produce a large number of nucleation events.  
The purpose of this study is to improve the microstructure of wire arc additively manufactured titanium to 
enable wider use of ALM products. Specifically, prior-β grain size reduction is targeted to improve properties 
such as yield strength, ductility and toughness [15]. Previous research [16-20] has demonstrated that silicon 
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is effective in improving the β-grain density through constitutional supercooling for cast titanium alloys. At 
the time of writing, there is no commercial grain refining technology available or a clear understanding within 
the field of the factors that promote effective grain refinement of solidified ALM components. This study 
aims to address this gap in knowledge by investigating silicon as a grain refiner in the unique solidification 
conditions experienced by additively manufactured titanium products. 
2. METHOD 
Wire arc ALM was chosen due to its relatively low cost and fast deposition rates. The apparatus consisted of 
a EWM Tetrix350 welding machine which acted as the power source needed to melt the raw wire. The wire 
feedstock was Commercially Pure (CP) ASTM Grade 1 titanium (Baoji Xinnuo Net Metal Materials Co. Ltd, Fe 
- 0.023wt%, C - 0.009wt%, N - 0.014wt%, O - 0.05wt%, Ti Balance). It was supplied through an automatic 
Tetrix 4L wire feed unit and was deposited by the welder on to a Ti-6Al-4V base plate. The welder’s electrode, 
the wire feed nozzle and a gas shield were designed to move in unison through the use of a Computer 
Numerical Control interface. This allowed the system to move in all three dimensions, enabling the 
fabrication of complex 3D structures. The operating parameters of the apparatus are listed in Table 1. 
Table 1. Parameters used during the ALM process  
AM Machine Parameters  
Welder Type Tungsten Inert Gas (TIG) 
Electrode Tungsten–rare earth, 2.4 mm diameter 
Welding Current 150 A 
Distance between electrode and base plate 5 mm 
Titanium Wire Grade (feedstock) ASTM Grade 1 
Wire Diameter 1 mm 
Wire Feed Rate 1.5 m/min 
Deposition Rate 150 mm/min 
Shielding Gas Argon, 99.999% purity 
   
The ALM machine was used to deposit straight lines of titanium 200 mm in length and approximately 10 mm 
in width. Ten layers of titanium were deposited for each build for a total of three samples. The first build was 
a control sample and contained no silicon. Silicon was added to the subsequent two builds through the use 
of specially prepared silicon paints, in a similar fashion reported elsewhere [21]. Two silicon paints were used 
for this experiment: one with 25 wt% silicon and another with 40 wt% silicon. Both paints contained an 
alcohol based gel into which silicon powder was added. The gel was chosen so that it would evaporate quickly 
upon deposition onto the substrate, leaving only silicon particles behind and minimising possible 
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contamination. Oxidation of the samples was prevented during the deposition process by using a specially 
designed gas trailing shield to surround the deposited samples with high purity argon gas.  
The silicon powder particles used in the paints were less than 1 µm in diameter. This particle size was chosen 
to allow for rapid dissolution and adequate diffusion within the deposited titanium once melted. To introduce 
the silicon into the deposited material, the silicon paint was applied prior to the deposition of each layer 
along the arc’s path. The titanium wire feedstock was then deposited over the paint layer where in-situ 
alloying occurred. This process was repeated for ten layers of deposition. The two silicon paints were used 
to create two samples: one with low silicon content and the other with high silicon content. Figure 1 shows 
the components of the ALM machine as well as a partially completed experimental component. 
 
Figure 1. ALM apparatus with welding torch, wire feed and gas shield as well as a titanium component under 
construction.  
After deposition, the samples were stress-relieved for 2 hours at 480oC as per industry standards [2, 22]. 
Small areas of the samples were cut so that their elemental composition and silicon content could be 
determined using spectroscopy. The chemical composition of each sample and the feedstock wire is shown 
in Table 2. There is a small increase in Fe, N and O after deposition compared to the initial wire composition. 
Following this, three cross-sections were cut from each sample at various locations and were mounted in 
resin and polished using conventional techniques.  
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Table 2. Average compositions of ALM samples (wt%). 
Silicon Content Si (%) Fe (%) N (%) O (%) Ti (%) 
Wire Feedstock - 0.023 0.009 0.05 bal. 
None 0.04 0.11 0.04 0.19 bal. 
Low 0.19 0.11 0.05 0.17 bal. 
High 0.75 0.05 0.03 0.16 bal. 
 
The polished sections were then analysed using microscopy to determine the number of prior-β grains within 
each section. The conventional ASTM intercept method was not employed to determine grain size for this 
study due to the directional nature of grain growth. As grain sizes varied depending on the axis of 
measurement, a variant of the planimetric method [23] was utilised to determine the level of refinement. 
Using this method all grains were counted manually and grain boundaries were traced on digital photographs 
to verify the measurements. These outlines were added to allow for easier visualisation of the grain 
boundaries as they cannot be viewed clearly at low magnifications. This method provides an accurate method 
for determining the grain size through the sections. Figure 2 compares an unedited image to its enhanced 
image for reference. The total number of grains within each 2D section was divided by the sample’s area to 
obtain a 2D grain density (grains/mm2).  A total of nine samples were analysed in this manner; three for each 
level of silicon. 
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Figure 2. Comparison of raw (A) and enhanced (B) images used in the analysis to enhance visualisation of prior- β grain 
boundaries and determine the grain size. The prior-β grain boundaries are visible due to the presence of grain 
boundary-α that forms on these boundaries during the β→α transformation. Within the prior-β grains, the α-phase 
adopts widmanstätten and colony-α structures [24]. The areas marked by the rectangles in A1 and B2 are shown at a 
higher magnification in A2 and B2 respectively. 
3. RESULTS AND DISCUSSION 
The technique of using a silicon rich paint and in-situ alloying with the wire feedstock successfully produced 
a homogenous deposit with no evidence of unalloyed silicon found. Moreover, with in-situ alloying it was 
determined that the prior-β grain size decreased with increasing silicon content. Figure 3 shows the outlines 
of the prior-β grain boundaries within three sections of varying silicon concentration. These results were 
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quantified through the use of 2D grain density measurements (grains/mm2) and the results are shown in 
Figure 4. 
 
Figure 3. Prior-β grain structure of additive manufactured CP titanium with a) 0.04% Si, b) 0.19% Si and c) 0.75% Si.    
 
Figure 4. The effect of silicon on the average prior-β grain density of additively manufactured CP titanium. Error bars 
indicate total range of grain density values.    
Figures 3 and 4 indicate a clear decrease in the average size of prior-β grains with increasing silicon 
concentration. Figure 3 also shows that the grain size is dramatically reduced along the outer edge of each 
ALM build. This feature may suggest that the surface which has direct contact with the argon atmosphere 
cools quickly upon deposition forming a chill zone similar to that found in cast microstructures near the mould 
wall. The presence of an oxide film may also enhance nucleation on the surface. For ALM processes, however, 
many of these small grains either experience grain growth from the heat generated by subsequent layer 
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deposition or are remelted. Solidification then occurs epitaxially on grains present in previously formed 
layers, taking on a columnar structure due to the steep thermal gradients experienced. While columnar 
growth is also expected in traditionally cast components, it is more prevalent in this ALM processes due to 
the strong directional heat flow into the base plate creating a steep temperature gradient. It can be seen 
from Figure 3 that silicon addition reduces the grain size but does not lead to a uniform equiaxed grain size 
although Figure 3c appears to be a mixture of columnar and equiaxed regions along its length. Silicon’s role 
as a grain refiner is expected to reduce columnar growth by promoting the nucleation of equiaxed grains in 
constitutionally supercooled zones. Instead, many of the columnar grains become narrower with increased 
silicon content due to lateral rejection of silicon rich solute slowing growth in this direction thus promoting 
further nucleation where the columnar structure is initiated. The vertical lengths of the columnar grains 
remain similar to those of the silicon-free samples. Columnar grain growth is primarily located in the centre 
of each sample where unidirectional heat flow promotes favourably orientated grain growth in the vertical 
direction.  
The prior-β grain boundaries observed in Figure 3 demonstrate that the microstructures of ALM components 
differ from those of conventionally manufactured components. The degree of this difference is quantified in 
Figure 5 which compares the grain refining effects of silicon observed in the current work with results 
observed for cast microstructures. The average 2D grain density values were used to determine the average 
grain sizes. Figure 5 shows the relationship between the grain size and the silicon content in comparison with 
pervious work conducted on castings made with CP titanium by Bermingham et al. [17]. It is apparent from 
Figure 5 that the additively manufactured samples have larger grain sizes for a similar silicon content. 
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Figure 5. Prior-β grain size versus silicon content on additive manufactured titanium and cast titanium (results obtained 
from Bermingham et al. [17]). Error bars indicate the range of grain sizes and silicon content for multiple test samples.    
The difference in the average grain sizes of the ALM and cast components can be explained by the 
Interdependence model [25]. This model relates grain size to nucleation parameters and alloy chemistry. 
Specifically, solute parameters such as the concentration of the alloy, Co, solute diffusion rate, D, and growth 
restriction factor, Q, are used in conjunction with nucleant parameters such as the required activation 
undercooling, Tn, and particle spacing, xsd, to determine the average grain size. This relationship is given by 
equation 1: 
    (1) 
where dgs is the average grain size in micrometres, zΔTn is the incremental amount of undercooling required 
to re-establish the nucleation undercooling of the most potent nucleant particle, v is the grain growth 
velocity, Cl* is the percentage of solute at the solid liquid interface and k is the partition coefficient of the 
solute. xsd is the distance between the nucleation-free zone defined by the first two terms in equation (1) and 
the next most potent activated nucleant particle in the melt. Equation 1 assumes a constant particle number 
density for all compositions. The intercept of the fitted line with the y-axis in Figure 6 is an indication of the 
size of xsd. In essence, the model indicates that the solidified grain size depends on the presence of a nucleant 
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particle population in the melt (with an average spacing of xsd and each particle requires a critical amount of 
constitutional supercooling for activation), as well as the presence of a segregating solute that provides the 
necessary amount of constitutional supercooling (which depends on Q, D and v in equation 1).  
For a given composition of silicon solute, D, Q, C0 and k would be the same for both cast and ALM scenarios, 
but the different processing conditions could experience different cooling rates which would cause the grain 
growth velocity (v) to differ. However, despite the differences between the casting and ALM processes, it is 
found from experimental observation that the growth velocities are reasonably similar. In previous work 
Bermingham et al. investigated the solidification conditions between the ALM process used here and 
previous casting work by comparing the secondary dendrite arm spacing (SDAS) of boron containing titanium 
alloys [21]. In both casting [26] and ALM [21] processes it was found that the SDAS was comparable at 
approximately 25µm, indicating similar cooling rates during solidification. Therefore, from this it is expected 
that the grain growth velocity (v) at the solid - liquid interface will be comparable given that the cooling rates 
(defined as the product of thermal gradient and growth velocity) during the casting and ALM processes are 
similar.  
With all other parameters of the Interdependence model being the same or at least similar in value, the 
remaining factors which may contribute to the discrepancy between the measured ALM and cast grain sizes 
in Figure 5 are the required nucleation supercooling zΔTn (potency) and the distance between nucleant 
particles xsd. These two factors depend on the types of nucleant particles present in the melt, their prevalence 
and whether or not they are activated during solidification.  
Chapter 5          The Papers 
53 
 
 
Figure 6. Average prior-β grain size versus the inverse of the growth restriction factor for wire arc additively 
manufactured and cast titanium-silicon alloys (results obtained from Bermingham et al. [17]). Silicon content is 
inversely proportional to 1/Q. Error bars indicate ± 1 standard deviation for multiple test samples.     
Figure 6 plots the relationship between the average grain size against the inverse of the growth restriction 
factor (1/Q) for the ALM and cast samples. It has been found that in general the gradient of the trend lines 
(i.e. the slope calculated by first terms in Equation 1) indicates the relative potency of the nucleant particles 
and the intercept is xsd related to the maximum number of activatable particles [27]. The gradients of the two 
trend lines are similar, visually confirming that the parameters defining the slope of Equation 1 are similar 
for both the cast and ALM cases. Given that all other parameters defining the slope in Equation 1 are 
comparable, it can be concluded that the potency of the nucleant particles (given by Tn) is also similar for 
both casting and ALM. The major difference between the ALM and casting processes, however, is the y-
intercept value xsd. The xsd parameter is the distance between activated nucleant particles and it is evident 
that the casting process contains a higher density of nucleant particles than that present during the ALM 
process (i.e. smaller xsd).  
Layer remelting is a phenomenon that may account for the apparent observation that the alloys produced 
by the ALM process contain fewer activated nucleant particles than alloys produced by the casting process. 
In Figure 3 it is observed that the finest grains in the ALM parts are often found in the top region, particularly 
near the top surface layer. When the top of the previously deposited layer remelts during the ALM process 
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by the newly deposited layer, many of the fine equiaxed grains that are present in the original top surface 
remelt and then on re-solidification grow epitaxially on the existing unmelted solid part of the layer. 
Furthermore, the additional thermal exposure as a new layer is deposited may also promote grain growth in 
the solid below the remelted layer. Both of these scenarios would have the effect of increasing the overall 
measured grain size. In Figure 6 the grain size for the top final layer (10th layer) has been included and it is 
clear that the grain size in this region is much smaller than the bulk ALM grain size and is close to the grain 
size of the cast alloys. It also reaffirms the earlier conclusion that the alloys used during the ALM process 
likely contain nucleant particles with a comparable potency to those present in the cast alloys.  
The magnitude of the destruction of equiaxed grains during remelting provides a valuable insight into the 
requirements of a refinement technology able to form equiaxed grains during solidification after remelting 
of each deposited layer. If these naturally occurring nucleant particles can be identified, and more of them 
introduced during ALM, then smaller grain sizes comparable to the casting process may be achievable. 
Furthermore, as indicated by equation 1, introducing nucleant particles that activate at lower undercooling 
(i.e. particles of higher potency with lower Tn) would also result in substantial refinement by increasing 
nuclei activation rates. The goal of future research is to discover new potent nucleant particles that have the 
potential to promote a fine equiaxed grain size during ALM even under layer remelting conditions given that 
nucleation ahead of the solid/liquid interface is essential to prevent epitaxial growth of oriented columnar 
grains. In titanium castings, Bermingham et al. [28] developed a method using titanium powder as an 
endogenous nucleant which, in conjunction with growth-restricting solute, was effective in reducing the grain 
size by an order of magnitude. Recently, Wang et al. [29] and Zhang et al. [30] observed fine equiaxed grains 
in titanium alloy components manufactured by direct metal deposition (LENS process) under certain 
processing conditions and concluded that these had nucleated on partially melted powder particles. This 
demonstrates that the columnar-to-equiaxed transition and refinement of β-grains during ALM is possible if 
suitable nucleant particles can be introduced.  
4. CONCLUSIONS 
Silicon was added to wire arc additively manufactured titanium components to refine the size of prior-β 
grains through constitutional supercooling and growth restriction. It was found that increasing the silicon 
content results in smaller grain sizes but it does not prevent the formation of columnar grains in the 
microstructure. Silicon additions refine the width of the columnar grains by a growth restriction process as 
solute is laterally segregated. By comparing the average grain size measurements with similar alloys 
produced by casting, it was found that the ALM components contained coarser grains for similar silicon 
concentrations. Utilising the Interdependence model, it was determined that the activated nucleant particles 
are the same or have a similar nucleation potency for both solidification conditions, and that the average 
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distances between nucleating particles were much greater for the ALM structures when compared to cast 
components. This difference indicates that the ALM components contain a lower density of activated 
nucleant particles compared to the castings. However, it was found that the grain size of the top ALM layer 
is similar to cast titanium suggesting that the initially formed equiaxed grains are eliminated during layer 
remelting and subsequent epitaxial columnar growth coarsens the grain size. It can be concluded that the 
prior-β grain sizes of wire arc additively manufactured titanium components can be controlled by adding 
silicon but further refinement can only be achieved when potent nucleant particles are added in conjunction 
with silicon.  
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Abstract 
Carbon is a powerful alloying element for titanium alloys. In this work, trace carbon is alloyed with 
Ti-6Al-4V during Wire + Arc Additive Manufacturing and the effects on the solidification process, 
microstructure and mechanical properties are explored. With between 0.03-0.41wt% carbon, the 
prior-β grain size and α-lath length reduce by factors of 5-6 which is attributed to separate grain 
refining mechanisms. Alloying Ti-6Al-4V with up to 0.1wt% carbon improved both tensile strength 
and ductility but higher carbon additions were associated with excessive carbide formation and severe 
embrittlement.  
 
 
  
                                                          
2 Corresponding author: m.bermingham@uq.edu.au 
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1. Introduction 
Additive Manufacturing (AM) is a disruptive technology ideally suited for producing high value 
products for niche applications. Titanium alloys are strong candidate materials for AM and substantial 
progress has been made in recent times with functional titanium components being manufactured for 
commercial applications. Despite the advancements in AM technologies and processes, relatively 
limited progress has been made so far in developing new alloy compositions especially suited for 
AM. Instead, the vast majority of AM research on titanium alloys is dedicated to Ti-6Al-4V.  
The purpose of this research is to investigate new potential alloy compositions for AM. AM is a 
melting and solidification process and, similar to the principles of alloy design for casting and welding 
processes, new alloy designs for AM should contain constituents that refine the microstructure, 
minimise defects and improve overall mechanical properties. One of the current scientific challenges 
in AM of Ti-6Al-4V is to prevent columnar β-grain formation as this can cause mechanical property 
anisotropy [1]. The production of fine grained equiaxed β-grains may be a promising solution to 
improve isotropy. Furthermore, since the properties of α/β titanium alloys such as Ti-6Al-4V are 
largely influenced by the α-phase, another opportunity during alloy design is to concurrently 
introduce grain refining additives for the α-phase.  
Boron is able to refine both β-Ti and α-Ti during solidification processing [2, 3]. However, one of the 
limitations with boron is the formation of high aspect ratio TiB particles which can initiate failure 
and reduce tensile ductility [4]. Carbon is a potential alternative alloy element and TiC has been 
extensively investigated as a reinforcement phase for Ti-6Al-4V. Many researchers have reported 
favourable findings during laser melting of Ti-6Al-4V reinforced with between 5-50% volume 
fraction TiC including a refined equiaxed α-Ti morphology [5-8]. This level of reinforcement 
enhances strength but severely limits ductility. However, at lower levels in other titanium alloys, there 
are encouraging reports that more balanced properties can be achieved. Ouchi et al. [9] found that 
trace additions of carbon (0.02-0.05wt%) concurrently improve tensile strength and ductility of pure 
titanium and Ti-4.5Al-3V-2Fe-2Mo alloys and were also effective in refining the grain size. Chen et 
al. [10] added carbon at different levels to Ti-15V-3Cr-3Al-3Sn and found that 0.2wt% increased 
tensile strength by more than 15% with no loss in ductility (although ductility diminished with higher 
additions). Chu et al. [11] added 0.15wt% carbon to Ti-13Cr alloy and reported a substantial 
improvement in ductility from about 1% elongation to failure, εf, in the carbon free alloy to εf = 6-
7% in the same alloy containing trace carbon. Furthermore, in both of these studies the trace carbon 
was found to refine the grain size and produce homogenous α-phase. Given these encouraging 
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findings, trace carbon could be a suitable alloy component in Ti-6Al-4V that refines the AM 
microstructure whilst improving mechanical properties.  
The purpose of this study is to investigate the role of carbon on the solidification process and the 
resulting microstructures and properties of modified Ti-6Al-4V-C alloys produced during Wire + Arc 
Additive Manufacturing. 
2. Method 
The Wire + Arc Additive Manufacturing technique was used for this study. This is a Directed Energy 
Deposition technique that uses a CNC controlled Gas Tungsten Arc Welding (GTAW) torch and 
automated wire feed to deposit layers. To prevent contamination during deposition, a local argon 
trailing shield is utilised to protect the deposited material from the atmosphere.  The equipment also 
includes a calibrated pyrometer for measuring the cooling rate of the melt pools at the end of 
deposition. Details of all experimental equipment including the pyrometer calibration process, are 
available elsewhere [4, 12]. 
Low, medium and high carbon concentrations (below the eutectic concentration of ≈ 0.46wt%) were 
studied in this work and compared against a carbon free base alloy (Ti-6Al-4V). Table I shows the 
average composition of the alloys as determined by LECO combustion and ICP Atomic Emission 
Spectroscopy. The modified carbon containing alloys were prepared by coating the build surface with 
specially prepared alcohol based paint containing graphite powder (Cerac, 99.5% pure -325mesh) 
prior to each deposition using a similar method as reported elsewhere [13]. Each deposit was created 
by moving the welding torch in a linear direction and feeding wire into the molten pool, which 
subsequently solidified to make a layer. A total of 5 layers were deposited and the approximate 
dimensions of the final build was 180mmx12mmx15mm (not measuring the base plate). Details of 
the deposition parameters are given in Table II. 
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Table I. Chemical composition of Wire + Arc manufactured samples, determined by ICP-AES and LECO 
Combustion. Note that the accuracy of the C, O and N detection is approximately ±0.01wt% and Al and V the 
accuracy is ±0.09wt% (these ranges represent 1 standard deviation). 
Carbon Addition C 
(wt%) 
N (wt%) O (wt%) H (wt%) Fe 
(wt%) 
Al (wt%) V  
(wt%) 
Ti (wt%) 
None 0.02 0.016 0.11 0.008 0.04 5.83 3.85 Bal. 
Low 0.03 0.007 0.12 0.010 0.07 5.74 3.81 Bal. 
Medium 0.10 0.007 0.08 0.011 0.07 5.88 3.88 Bal. 
High 0.41 0.005 0.06 0.008 0.07 5.70 3.75 Bal. 
 
Table II. Deposition parameters used to build the components. 
Deposition Parameters 
Peak Current: 150Amp 
Base Current: 75Amp 
Pulse: 5kHz 
Wire feed: 1.5m/min 
Wire: Ti-6Al-4V, ø=1.0mm 
Deposition speed: 50mm/min 
Electrode-substrate gap:  5mm 
Vertical build interval: ≈3mm 
Substrate: Ti-6Al-4V 
Electrode: ø=2.4mm tungsten-rare earth 
Argon: 99.999% purity, 10 L/min 
 
After deposition the components were stress relieved at 480°C for 2 hours before being machined 
into tensile bars (minimum of 4 per alloy) and samples for microstructural and chemical analysis. 
Round tensile bars for tensile testing were machined according to ASTM E8M (gauge length 20mm 
with ø3.5mm) in the longitudinal (horizontal) orientation and tested at a crosshead speed of 
0.5mm/min using an Instron machine. The longitudinal orientation is frequently reported to be the 
least ductile orientation of Ti-6Al-4V parts produced by Wire + Arc Additive Manufacturing [4, 14-
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18] and was therefore selected as a worst-case scenario for evaluating the tensile ductility of the 
carbon containing alloys. Samples were prepared for microstructural analysis using conventional 
processes and the microstructure was investigated using optical and electron microscopy techniques. 
3. Results and Discussion 
3.1 Effect of trace carbon on Solidification 
Representative cooling curves during solidification for each alloy are shown in Figure 1. It is clear 
that small additions of carbon influenced the solidification sequence of Ti-6Al-4V. With incremental 
carbon additions the solidification temperature reduces from approximately 1682°C in Ti-6Al-4V to 
1654°C with 0.41wt% carbon added, which is consistent with the binary Ti-C phase diagram. As 
solidification proceeds, carbon-rich solute is rejected into the liquid until it eventually reaches the 
eutectic composition where TiC is formed. Due to the trace levels of carbon alloyed in this work, as 
well as the high cooling rates, it is difficult to identify the eutectic reaction and formation of TiC on 
the cooling curve. Nevertheless, the cooling curve of Ti-6Al-4V-0.41C shows evidence of latent heat 
release occurring around 1300-1400°C which could be associated with TiC formation.  
The average cooling rate of 93°Cs-1 (prior to recalescence) was independent of alloy composition. All 
alloys displayed recalescence followed by a thermal arrest where the rate of latent heat generation 
more or less balanced the rate of heat extraction, however, the addition of carbon solute reduced the 
degree of recalescence from approximately 16°C in Ti-6Al-4V to 3°C in Ti-6Al-4V-0.41C. The 
absence of recalescence in castings has been associated with grain refinement [19] and as is shown 
in the following section, addition of carbon substantially refined the β-grain size during solidification.    
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Fig. 1. Cooling curves captured during solidification for each alloy. Increasing carbon content reduces the 
solidification temperature and produces less recalescence. A small inflection in the cooling curve of Ti-6Al-4V-
0.41C is observed which could be latent heat release associated with TiC formation.  
3.2 Effect of carbon on microstructure and grain refinement 
The addition of trace carbon had a profound effect on the microstructure of Ti-6Al-4V during Wire 
+ Arc AM, refining both α-grain size and the β-grain size of Ti-6Al-4V. Figure 2 shows the micro 
and meso-structures of the as-built components. Firstly, it is clear that carbon addition substantially 
reduces the columnar β-grain size and produces equiaxed grains but does not entirely eliminate 
columnar grains. Similar results have been found with silicon additions and this was attributed to a 
lack of available nucleating particles in the constitutionally supercooled zone ahead of the advancing 
solid-liquid growth front [12]. Carbon additions into titanium form TiC via a eutectic reaction 
occurring at approximately 1.8at% Carbon (≈0.46wt%) [20]. Analysis using Scanning Electron 
Microscopy revealed small carbon and titanium rich particles, presumed to be TiC, distributed 
throughout the microstructure of Ti-6Al-4V-0.41C. These particles varied in size, but some were up 
to 50µm in length. Carbides were readily observed at this composition and were uncommon in the 
remaining alloys, however, this does not imply that very small carbides (beyond the resolution of the 
SEM) are not present in these alloys. Crossley [21] reported that carbon is an effective β-grain refiner 
in cast titanium alloys and attributed the refinement to nucleation on TiC particles. This may be 
feasible in hypereutectic compositions but for hypoeutectic compositions (as in this study) the 
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refinement is likely related to the generation of constitutional supercooling and growth restriction. A 
useful parameter for predicting the effectiveness of a grain refining solute is the growth restriction 
factor, Q, which is defined as the rate of development of constitutional supercooling. The growth 
restriction factor has proven useful in predicting the grain refining response of solutes in various alloy 
systems (higher Q is a more effective grain refiner). To the authors’ best knowledge the growth 
restriction factor, Q, of carbon has not been published before, however, using phase diagram methods 
we calculate a Qcarbon to be about 55c0 (where c0 is solute content in wt.%. Readers interested in the 
method of calculating Q are referred elsewhere [22]). Bermingham et al. [23] presented calculated 
growth restriction factors for 30 solute elements in titanium and from this list only two elements have 
higher growth restriction factors than carbon (Qboron ≈ 66c0 and Qberylium ≈ 72c0). Theoretically, 
therefore, carbon is one of the most powerful β-grain refiners in the titanium system and during Wire 
+ Arc Additive Manufacturing it is clear that small additions can substantially refine Ti-6Al-4V. 
Nevertheless, without the simultaneous addition of potent nucleant particles for β-Ti it is not possible 
to completely eliminate the formation of columnar grains.   
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Fig. 19. Images showing the effect of carbon on the microstructure of Ti-6Al-4V. A – Ti-6Al-4V; B – Ti-6Al-4V-
0.03C; C – Ti-6Al-4V-0.1C; D – Ti-6Al-4V-0.41C. Images A1-D1 show the meso-structures with prior β-Grain 
boundaries traced for clarity (as in [12]), A2-D2 and A3-D3 show secondary electron SEM images at 500x and 
2000x respectively, E shows the α-lath length for each alloy and F shows EDS maps of the carbide particles 
observed in Ti-6Al-4V-0.41C. The prior-β grain area density was quantified by dividing the number of grains in a 
2D section by the cross-sectional area.  
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The presence of carbon also substantially refined the scale of the α-grain morphology (see Figure 2). 
There is an almost 6-fold reduction in the α-lath length with 0.41wt% carbon addition. The exact role 
of carbon in this refinement process is unclear but there is growing evidence suggesting that TiC can 
nucleate α-Ti. Erlin et al. [24] studied the interface between TiC particles and α-titanium formed 
during solidification and found a very smooth interface and orientation relationship of 
[011]𝑇𝑖𝐶//[011̅0]𝛼 with a low crystal mismatch of δ=7.9%. Qi et al. [25] latter identified the 
orientation relationship as [011]𝑇𝑖𝐶//[21̅1̅0]𝛼 and (11̅1)𝑇𝑖𝐶//(0001)𝛼 having a lattice mismatch 
of δ=3.8%. Turnbull and Vonnegut [26] predicted that the order of potency between various nuclei is 
identical to the order of the reciprocal of the disregistry (mismatch) between the nuclei and the 
forming crystal on low index planes of similar atomic arrangement. Reynolds and Totttle [27] 
reported powdered metals possessing similar crystal structures as the metal being cast, were effective 
nucleants when the disregistry was less than 5-10%. The fact that TiC is known to have an orientation 
relationship and small disregistry with HCP-Ti would suggest that it could be a nucleating agent.  
3.3 Effect of carbon on tensile properties 
Figure 3 shows the effect of carbon on the tensile properties of the alloys. The average yield and 
tensile strength increased for all three carbon alloys but a maximum improvement of 9% over Ti-6Al-
4V occurred with 0.1wt% carbon addition. Above this carbon level, the strength decreased and severe 
tensile embrittlement occurred (the tensile ductility, expressed as elongation to failure εf, decreased 
from εf, ≈ 14.5% in Ti-6Al-4V-0.1C to εf, ≈ 1% in the Ti-6Al-4V-0.41C alloy). This low ductility is 
similar to that achieved in TiC reinforced titanium metal matrix composites [6, 7], and consistent with 
those studies, the microstructure of Ti-6Al-4V-0.41C reveals an abundance of TiC. Da Silva et al. [7] 
studied the effect of the TiC on the tensile properties of Ti-6Al-V-TiC composites and found that 
ductility was controlled by the rate of TiC fracture and subsequent void growth and coalescence. TiC 
has very limited elasticity, so cracking and the creation of voids are inevitable under tensile loading. 
Recently, this failure mode was demonstrated in Ti-6Al-4V reinforced with borides [4]. Carbon is 
known to increase the strength considerably when in solid solution whereas the presence of carbides 
provide limited contribution [28]. This is consistent with the present finding that the deliberate 
addition of carbon even at the smallest trace levels enhanced the strength of Ti-6Al-4V to levels 
similar to Ti-6Al-4V-0.41C, without deteriorating ductility. It is apparent that a satisfactory 
combination of strength and ductility in Ti-6Al-4V-Carbon alloys is achievable at levels below which 
large carbides readily form.   
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Fig. 3. Effect of trace carbon on the tensile properties of Ti-6Al-4V. Error bars represent ±1 standard deviation.  
The binary phase diagram [20] suggests that the solubility of carbon in titanium is low (less than 
0.13wt%) and others have reported carbides in titanium alloys containing more than 0.1wt% carbon 
[28]. In this work the most ductile and highest strength alloy was Ti-6Al-4V-0.1C which had 
respectively 9% and 24% higher average yield strength and elongation to failure than Ti-6Al-4V. 
Interstitial solid solution strengthening accounts for some of this behaviour but further investigation 
is needed to fully understand how the ductility has been influenced by trace carbon alloying. If 
carbides are present in Ti-6Al-4V-0.1C or Ti-6Al-4V-0.03C, it is evident that they must be very small 
and beyond SEM resolution. The presence of small carbides may also improve ductility indirectly. 
For example, Chen et al. [10, 29] found that differences in titanium carbide stoichiometry enabled 
some carbides to scavenge oxygen from the Ti matrix (forming Ti(CO)) while also eliminating grain 
boundary-α which both acted to improve ductility of β-Ti alloys. Further improvements in 
microstructures/properties may be possible in higher cooling rate AM processes such as SLM which 
will further refine the size of α and β grains, as well as any carbides that may form. Future work 
should consider the effect of cooling rate on the microstructures and mechanical properties of trace 
carbon modified Ti-6Al-4V produced by AM.  
It is well understood that Ti-6Al-4V components produced by SLM can achieve higher strength than 
wrought products at the expense of ductility, largely a result of fine acicular-α or α’ martensite. Heat 
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treatments are effective in rebalancing the properties (more ductility with less strength), however, this 
work shows that subtle chemistry changes may also offer opportunities for property optimisation. 
Through small increments in carbon content it was possible to concurrently improve strength and 
ductility of Ti-6Al-4V. It must be noted that both Ti-6Al-4V ASTM Grades 5 and 23 (ELI) allow for 
the presence of up to 0.08% C, and in this work some of the studied alloys comply with the Grade 23 
standard. A further improvement in strength may be possible by also increasing the oxygen content, 
considering that Svensson and Ackelid [30] reported higher strength of AM Grade 5 than Grade 23 
without any loss in ductility at the same carbon content. This allowance may be utilised to optimise 
the microstructure and properties of AM Ti-6Al-4V while remaining within the ASTM B265 
specifications. 
Conclusions 
Three hypoeutectic carbon containing Ti-6Al-4V alloys were produced by Wire + Arc Additive 
Manufacturing and the effect of the carbon content on the solidification process, microstructure and 
mechanical properties was investigated. The main findings include: 
• Carbon is a powerful β and α grain refiner of Ti-6Al-4V. The addition of up to 0.41wt% 
carbon increased the β-grain density by a factor of 5 while also decreasing the α-lath length 
by a factor of 6. In hypoeutectic alloys, carbon solute segregates during solidification which 
decreases the solidification temperature and provides constitutional supercooling and growth 
restriction that refines β-grain size. The formation of eutectic TiC may enhance nucleation of 
the α-phase. 
• The average tensile strength and ductility of Ti-6Al-4V improved with 0.1wt% carbon 
addition. At 0.41wt% carbon, large carbides formed which severely degraded tensile ductility.  
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The publications produced during the course of candidature provide insight into the applicability of 
grain refining solutes to titanium wire arc additive manufacturing. The first paper investigated the 
effect of silicon on commercially pure (CP) titanium built using WAAM and found that silicon 
additions of up to 0.75wt% resulted in a reduction in β grain size. The second paper published focused 
on the addition of carbon to Ti-6Al-4V samples built using WAAM and revealed that carbon additions 
up to 0.41wt% reduced both β grain density and α lath length. Tensile strength and ductility were also 
enhanced with up to 0.1wt% C addition but greater quantities resulted in embrittlement. However, 
with both silicon and carbon addition, it was found that the AM samples still retained some of their 
columnar structure and the solutes did not create a fully equiaxed microstructure.  
Following favourable findings from the experiments involving carbon, additional research was 
conducted to further investigate carbon’s effects on WAAM Ti-6Al-4V. It was found that carbon 
additions of 0.1wt% resulted in an increase in compressive strength of 7% and an increase in ductility 
of 8%. The anisotropy of the WAAM samples was also examined by comparing the maximum 
compressive strength and the strain at maximum stress of samples cut in the longitudinal (parallel to 
the direction of deposition) and transverse (perpendicular to the direction of deposition) directions. 
Samples cut in the longitudinal direction, withstood up to 5% more stress than samples cut in the 
transverse direction. This anisotropy was attributed to the columnar nature of the prior-β grains, which 
then influence α morphology.  
The research conducted has shown that alloying with growth restricting solutes during WAAM does 
produce substantial refinement but does not create a fully equiaxed microstructure. This is likely due 
to the thermal conditions inherent to AM (such as steep temperature gradients). It was identified that, 
to refine AM samples to the same degree as cast microstructures, a potent nucleant must be identified 
that can work in conjunction with the solutes. These findings led to a publication by StJohn et al. [39] 
that focused on the challenges of obtaining an equiaxed microstructure during the additive 
manufacturing of titanium. This publication utilised research conducted as part of this candidature as 
a foundation to determine conditions that promoted the growth of equiaxed grains during AM. 
Specifically, the publication utilised the research involving the addition of silicon to CP titanium 
which found that AM samples contained larger grains than cast samples, for the same concentration 
of solute. By analysing the findings of this research and examining the nucleating conditions during 
the AM process StJohn et al. determined ideal conditions required to achieve an equiaxed 
microstructure during AM. The publication containing these results can be found within Appendix 
A. 
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This research has achieved effective grain refinement and has also highlighted potential areas of 
further research. While confirming the applicability of grain refiners to the titanium AM process, this 
research has also shown that the interdependency theory and the growth restriction factor are both 
applicable to the WAAM process. These theories have worked effectively in the unique solidification 
conditions of the WAAM environment and have been shown to be effective in both binary and 
quaternary systems. These theories can be utilised by future researchers aiming to achieve the 
refinement of titanium AM components. The experimental methodologies developed during the 
course of candidature will also aid future researchers.  
Additional research can focus on identifying grain refiners that may be even more potent than the 
elements studied. Potent nucleants must also be discovered to achieve effective refinement. Changes 
to the solidification conditions can be made by altering the parameters of the WAAM apparatus to 
investigate their effect on the microstructure.  Research can also be conducted to determine how 
silicon and carbon refine other titanium alloys. The same approach can be taken to test these solutes 
with other methods of additive manufacturing. These studies will build a more complete profile of 
the two solutes and their role in titanium additive manufacturing.  
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Abstract. It is well established that columnar grain structures usually form when metal alloys are 
used to additively manufacture components. A challenging goal is to produce an equiaxed grain 
structure throughout the component to remove anisotropy and refine the grain size in order to improve 
its mechanical performance. The high cooling rates and associated high temperature gradients are the 
main reasons for the formation of columnar grains via epitaxial growth of each added layer of 
material. There appear to be limited strategies for promoting equiaxed nucleation of grains. In 
addition to cooling rate and temperature gradient, we explore other variables such as the potency of 
natural or added inoculant particles and the composition of the alloy, and their possible impact on the 
nucleation of equiaxed grains. Although changing the composition can help, finding a suitably potent 
nucleant particle is a major challenge. Operating parameters can also influence the microstructure 
and optimization to produce equiaxed grains may be possible. The limitations of these strategies and 
possible ways to overcome them are evaluated.  
Introduction 
There are several technologies for undertaking Additive Manufacturing (AM) of components  [1]. 
Despite the variation in manufacturing approaches, there are factors in common which have a large 
effect on microstructural development during building of metallic components. These include: 
components are built layer by layer using selective melting or sintering of raw feedstock materials; 
high temperature gradients and heating/cooling cycles favour anisotropic microstructures and 
therefore mechanical properties; and these microstructures are normally formed by epitaxial 
nucleation and columnar grain growth.  
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Grain size influences casting quality and mechanical properties such as yield strength, hardness 
and ductility. The effect on yield strength is described by the Hall-Petch relationship y = 0 + ky.d-
0.5 where d is the diameter of primary  grains. Figure 1 shows the effect of boron composition and 
cooling rate on the prior- grain size and also the effect of as-cast  grain size on the scale of the  
laths formed during a subsequent  to  solid state phase transformation. Recent work presented the 
Hall-Petch relationship for Ti-6Al-4V [2] highlighting the importance of grain size in controlling the 
mechanical performance. The β grain size and morphology is particularly influential on the effective 
α-colony grain size given that the α-phase adopts set orientation relationships from its parent.  
Thus, while the mechanical and operational processes involved have received the most 
development research, there is a growing need to understand what controls solidification to prevent 
the formation of defects such as hot tearing and to produce an equiaxed microstructure to remove 
anisotropy. A challenge is to identify a grain refinement method that bridges the microstructural and 
property gap between AM and cast/wrought components. 
Formation of equiaxed grains 
Equiaxed solidification and refinement of the as-cast grain size can be accomplished by: the 
addition of solute elements with a high value of the growth restriction factor Q*; inoculation by potent 
nucleant particles with low nucleation undercooling Tn (i.e. high nucleation potency); a fine 
distribution of these particles within the melt; and controlling solidification parameters. (* Q = mC0(k-
1) where m is the slope of the liquidus temperature in a binary phase diagram at a given alloy 
composition C0, and k is the partition coefficient of the solute element between the solid and liquid 
phases.) 
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(a)  
(b)  
(c)  
 
Figure 1. The effect of boron content and cooling rate on 
the microstructure of titanium [3]. 
Figure 2. Prior-β grain structure of Commercially Pure 
(CP) titanium alloyed with (a) 0.04%, (b) 0.19%, and 
(c) 0.75% Si [4]. 
An example is provided by the addition of Si to commercial purity Ti where Si was found to be an 
effective grain refiner of Grade 1 Titanium during the wire arc additive manufacturing process (Fig. 
2). A useful representation of the effect of solute content on grain size is to plot grain size against the 
inverse growth restriction factor Q as illustrated in Fig. 3. In Fig. 3 there are two sets of data: that for 
the AM material and that for traditionally cast ingots. It can observed that both data sets allow a linear 
relationship between grain size and 1/Q to be plotted. Recent research by Mendoza et al on Ti-W 
alloys concluded that the 1/Q relationship is a useful tool for revealing the mechanisms of grain 
           Appendices 
83 
 
refinement [5]. The intercept with the y-axis is a measure of the maximum number of nucleant 
particles that can be activated for the prevailing casting conditions, and the slope is a relative indicator 
of the potency of the nucleant particles where a lower slope indicates particles of higher potency. To 
conclude that a change in slope means a change in potency assumes that the casting conditions remain 
constant because other factors such as the temperature gradient can also change the slope. In order to 
understand why these factors, i.e. the number density and potency of the inoculant particles, affect 
grain size we need to understand the role of constitutional supercooling (CS). 
 
 
Figure 3. Prior-β grain size in relation to the inverse of the growth restriction factor for wire arc additively 
manufactured and cast titanium (results obtained from Mereddy et al. [4] and Bermingham et al. [3]). Error bars indicate 
the ±1 standard deviation.  
 
As a grain grows, solute builds up in the liquid at the solid-liquid interface generating a 
concentration gradient in front of the interface as shown in Fig. 4(a). In Fig. 4(b), this concentration 
gradient is converted to a gradient of the equilibrium temperature TE. The CS zone exists where the   
actual temperature gradient of TA is lower than the equilibrium temperature TE. The temperature 
difference between TE and TA is TCS. The size of the TCS zone and the peak value of TCS govern 
the extent of equiaxed grain nucleation. The gradient of TA during AM is relatively steep and typical 
of conditions favouring directional solidification as shown schematically in Fig. 4(b). In contrast, Fig. 
4(c) represents the ideal situation for the production of a fully equiaxed structure. To achieve equiaxed 
solidification during AM the processing environment needs to shift towards that in Fig. 4(c). Also 
required are potent nucleant particles to trigger nucleation of grains. 
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The important properties of the nucleant particles, whether naturally present in the alloy melt or 
deliberately added as inoculants, are their nucleation potency, defined by Tn, and their distribution 
and number density, which define the spacing xSd between nucleants. 
Fig. 4 highlights another challenge to overcome. This is the formation of a Nucleation-Free Zone 
(NFZ). The length of NFZ, xnfz, is marked on the schematic of Fig. 4(c) and represents the region 
where nucleation is unlikely to occur. 
 
 
Figure 4. Schematics of (a) the solute concentration in front of a growing solid-liquid interface; (b) the concentration 
gradient converted to the equilibrium liquidus temperature TE where the constitutionally supercooled zone is the 
difference between TE and the actual temperature TA and the gradient of TA, G, is typical of directionally solidified alloy; 
and (c) represents the case of equiaxed solidification in a low temperature gradient. (from [6]) 
The Interdependence equation (Eq. 1) [7] shows the relationship between constitutional 
supercooling and particle characteristics in defining the distances between nucleation events and, 
therefore, is a predictor of grain size, dgs. 
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where D is the solute diffusion coefficient, zTn is the incremental amount of undercooling needed 
to trigger nucleation, v the growth velocity of the interface, Co the alloy composition, the liquid 
composition at the interface, and k the partition coefficient. The term z is related to the temperature 
gradient of TA. 
The three terms of Eq. 1 define the distance between nucleation events where  
 
 dgs = xCS + x’dl + xSd                                                                                                   (2) 
 
xCS is the amount of growth of a previous grain to generate TCS = Tn, 
x’dl is the length of the diffusion field to where Tn is achieved, and 
xSd is the distance to the next most potent particle. 
 
Fig. 5 illustrates the relationship between these distances and shows the effect of alloy composition 
as represented by Q, on the grain size. Therefore, a key strategy for generating a fine equiaxed grain 
size is to reduce both the size of the nucleation free zone xnfz and the spacing between the most potent 
particles xSd. 
 
 
 
Figure 5. A representation showing the relationship between composition as defined by Q and the components that 
contribute to the grain size. xSd is constant if the number density of nucleant particles does not change with composition 
as shown in this figure (from [7]). 
 
Fig. 6 illustrates the effect of the particle potency Tn on xnfz and on the achievable grain size. As 
the nucleation temperature decreases (i.e. Tn increases) the size of xnfz increases as more growth is 
needed for TCS to equal or exceed Tn. 
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Figure 6. Schematic of the formation of the CS zone where a small TCS-HP forms for nucleant particles of high potency 
Tn-HP and TCS-LP for low potency Tn-LP particles. The high potency particles lead to a much smaller NFZ of xnfz-HP than 
the low potency particles at xnfz-LP. 
Formation of equiaxed grains during AM 
With this background we can consider the conditions required to promote equiaxed grain 
formation during AM. The first nucleation event occurs on the previously deposited layer which has 
been partially remelted. This form of nucleation is referred to as epitaxial nucleation as the grains of 
the unmelted layer are the nucleants of grains in the next layer having the same crystal orientation. 
This repeated nucleation with each deposited layer results in large columnar grains traversing many 
layers unless further nucleation occurs within the new layer. Calling epitaxial nucleation a 
‘nucleation’ event may be misleading as there is essentially no undercooling required and with the 
fresh oxide-free interface formed by remelting due to breaking up of any oxide film, the previous 
grains continue to grow once the alloy’s liquidus temperature is reached. The solid-liquid interface 
grows in a direction opposite to heat flow from the previously solidified layer. Further nucleation on 
particles in the melt will not occur until TCS reaches or exceeds Tn. To achieve this condition, the 
particles need to be very potent (i.e. very low Tn) and sufficient constitutional supercooling TCS 
needs to be generated.  
Using Eq. 1 we can consider the likely outcomes from titanium alloys. Beginning with the ideal 
case of high purity Ti and Ti-Al-V alloys, ‘nucleation’ first occurs epitaxially on the previous partially 
remelted layer. Q is zero because Al and V do not provide any growth restriction (i.e. k = 1) [8]. (Note 
that in commercial alloys residual alloy contaminates such as oxygen and iron are known growth 
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restricting elements in titanium [9, 10] and thus contribute growth restriction.) Therefore, as 
illustrated in Fig. 7, growth does not generate CS at the interface and, even with particles where Tn 
= 0, no nucleation can occur ahead of the S-L interface. Thus, long, thick columnar grains continue 
to form through each deposited layer. 
 
 
 
Figure 7. A schematic of time steps t1 and t2 during columnar growth with a planar interface of an alloy where Q = 0. 
Co represents a constant composition across the solid-liquid interface. G is the temperature gradient across the interface. 
Gt2 is lower than Gt1 to represent a lowering of G as the layer solidifies. 
Ti alloyed with segregating solute (e.g. O, C, B, Si) will have some degree of Q generating CS 
[8]. Solute is rejected laterally as well as in the build-direction. Lateral build-up of solute restricts 
growth causing the formation of thinner columnar grains [11, 12]. Fig. 8 shows an example where 
the addition of boron reduces the thickness of the columnar grains of Ti-6Al-4V produced by wire 
arc additive manufacturing. Solute rejected in front of the solid-liquid interface creates a CS zone as 
illustrated in Fig. 4.  
TCS needs to reach or exceed Tn to trigger nucleation in order to develop equiaxed grains. Fig. 
9 illustrates the effect of temperature gradient G on the extent of CS. For the same amount of 
growth, the CS zone gets smaller and shorter as G increases (from G1 to G5) [13]. If the temperature 
gradient is equal to or steeper than TA5 in Fig. 9 no CS can develop. As the value of G increases 
between G1 and G5, more growth is required to achieve sufficient CS. Fig. 10 schematically 
represents this effect. The dashed line represents the nucleation temperature Tn which is Tn below 
TE. Tn is assumed to be constant regardless of the value of TE. Therefore, the actual temperature of 
the melt must decrease to below the Tn curve to activate nucleation as shown in Fig. 10(c). It can 
also be seen that for a given G, faster cooling would generate a larger CS zone. In addition, there 
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has to be a potent particle available to activate nucleation. If a suitable particle is not present nearby 
then more growth is required until there is. This discussion highlights the difficulties in creating an 
equiaxed grain structure. 
 
 
Figure 8. Cross section of vertical walls produced by Wire Arc Additive Manufacturing. The addition of trace boron 
results in substantial refinement of the microstructure and columnar width.  
 
Figure 9. Schematic showing a range of temperature gradients, G, at the solid-liquid interface of a growing grain. It can 
be observed that the size of the CS zone decreases as the temperature gradient increases from G1 to G5. 
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Figure 10. Development of CS in front of growing columnar grains (shaded) over three time steps at (a), (b) and (c), 
illustrating the effect of cooling rate (a lowering of TA), nucleation temperature Tn and temperature gradient G. 
Nucleation may occur at the third time step (c) when a region of TA lower than Tn is formed.  
Process issues can also affect the likelihood of nucleation. It has already been mentioned that 
temperature gradient is an important process factor but other factors such as interface growth velocity 
and cooling rate also affect the microstructural outcomes as shown in Fig.11. As the AM process is 
dynamic these parameters can change over the duration of solidification. It has been found that G 
may decrease as the number of layers increase due to heat build-up in the component. Also, G may 
decrease during the solidification of an individual layer. The arrow in Fig. 11 indicates the direction 
of microstructural change that may occur as G decreases. Due to the strongly directional environment 
and an interface made up of large columnar grains, solute may accumulate during growth over the 
depth of the layer. Both of the above factors would increase the likelihood of nucleation as the layer 
grows. However, the region most affected by these changes is the region that is re-melted when the 
next layer is deposited thus reducing the effect of transient changes on the final microstructure. In 
relation to these transient effects the effect of build resolution (the thickness of the un-remelted part 
of each deposited layer) will play an important role in microstructure selection. If xnfz is equal to or 
longer than the build resolution then CS-driven nucleation cannot easily occur. For example, SLM 
has a shorter build resolution than wire arc processing. Thus SLM may not generate enough 
undercooling (as illustrated in (Fig 10(b)) to trigger equiaxed nucleation while the wire arc process 
with a relatively large build resolution will allow sufficient growth to generate enough undercooling 
(as illustrated in Fig. 10(c)) to form equiaxed grains. It is also likely that other factors such as scan 
speed of the AM device will affect the parameters shown in Fig. 11. 
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Figure 11. A growth velocity, V, versus temperature gradient, G, plot showing the microstructural changes that occur 
when the values of these two parameters change. The circled area encompasses the conditions found during AM 
processing. The figure is adapted from [14][13] by including the region for AM based on data from [15, 16]. 
 
Table 1 summarizes the parameters that can be controlled in order to achieve equiaxed 
solidification. There are apparently many opportunities to manipulate these parameters in order to 
achieve equiaxed solidification. However, there are significant challenges in practically nucleating 
grains in an AM environment. For example, there are currently no commercially available master 
alloys containing very potent particles that are stable enough to survive in a titanium alloy [6]. 
Another interesting possibility is to lower the diffusion rate which may be achieved by certain 
elemental additions or by the addition of nanoparticles which may lower the viscosity of the melt and 
therefore the diffusion rate. Nanoparticles may also slow grain growth due to accumulation of 
particles at the solid-liquid interface thus promoting equiaxed nucleation. 
  
A.M.
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Table 1. The parameters that control the size of the nucleation-free zone and the spacing of potent nucleant particles. 
Size of nucleation-free zone (NFZ) Particle spacing (xSd) 
NFZ: D, v, Tn, Q, z Reduce xSd by increasing particle 
density 
Minimize D, Tn, z  Increase potency by using 
particles with very low Tn 
Maximise v, Q  Chemical stability 
Optimise operating parameters: 
minimise G, optimise scan speed and 
build resolution 
Process to achieve a uniform 
distribution of potent particles 
Summary 
During AM there is a complex interaction of alloy, particle and processing properties and 
parameters. Many variables compete with each other. For example, decreasing G and Tn will also 
decrease v such that v reduces the benefits of lower G and Tn as shown by Eq. 1.  
The ideal conditions for creating an equiaxed grain structure are: 
• an alloy with solute elements that generate a very high Q value and nanoparticles that slow 
grain growth and the diffusion rate in the liquid; 
• a melt inoculated with the most potent particles at a high number density; 
• a temperature gradient as low as possible; and 
• optimised processing parameters such as scan speed and any other processing parameters that 
promote nucleation. 
However, these ideal conditions are practically difficult to implement. Overcoming the limitations 
discussed above needs innovative process and microstructural control solutions.  
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